
THIS NUMBER COMPLETES VOLUME 232 

JUNE, 1958 No. 2 

ONTV 
OF Mien SIT IGAN 

THE JOURNAL ©?) 8 
MEDI 
LIBRARY 

FOUNDED BY CHRISTIAN 4. HERTER AND SUSTAINED IN PART BY THE CHRISTIAN A. HERTER 
MEMORIAL FUND 

EDITED FOR THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS 

EDITORIAL BOARD 

RUDOLPH J. ANDERSON A. BAIRD HASTINGS 
ROBERT A. ALBERTY LESLIE HELLERMAN 
REGINALD M. ARCHIBALD HENRY A. LARDY 
ERIC G. BALL ALBERT L. LEHNINGER 
KONRAD BLOCH ALTON MEISTER 
GEORGE BOSWORTH BROWN STANFORD MOORE 
HERBERT E. CARTER HANS NEURATH 
HALVOR N. CHRISTENSEN SEVERO OCHOA 
HANS T. CLARKE ESMOND E. SNELL 
WALDO E. COHN WARREN M. SPERRY 
CARL F. CORI DEWITT STETTEN, Jr. 
EDWARD A. DOISY EDWARD L. TATUM 
JOHN T. EDSALL HUBERT B. VICKERY 
JOSEPH S. FRUTON VINCENT Du VIGNEAUD 
WENDELL H. GRIFFITH OSKAR WINTERSTEINER 

PUBLISHED MONTHLY 
AT MOUNT ROYAL AND GUILFORD AVENUES, BALTIMORE 2, MD. 

EDITORIAL OFFICE: YALE UNIVERSITY, NEW HAVEN 

FOR THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS, INC. 

© Copyright, 1958, by The American Society of Biological Chemists, Inc. 

f Entered as second-class matter at the Post Office at Baltimore, Md. Acceptance for mailing 
Tate of postage provided for in section 1103, Act of October 3, 1917. Authorized on June 20, 1918 

$6.00 per volume, United States and Canada 
Frice $6.25 per volume, other countries 

Yearly subscription, six volumes, at the same rates 

Made in the United States of Americg 



BIOCHEMICALS 

Pie Sera y ates er 
8 a 

TYPICAL 
ANALYSIS 

wr fore ie 2 ide oy 5 a ih 

pee cee 
oe ae 

WRITE FOR REFERENCE GUIDE AND PRICE LIST 123 CONT. 

COMPLETE SPECIFICATIONS OF EACH PRODUCT. 

AMINO ACIDS + PEPTIDES - FATTY ACIDS +» ENZYMES 

COENZYMES + ANTI-METABOLITES + PYRIMIDINES 

CARBOHYDRATES » HORMONES +» NUCLEO PROTEINS 

VITAMINS + PURINES + HORMONE INTERMEDIATES 

PLANT GROWTH HORMONES - MISC. BIOCHEMICALS 



XUM 



XUM 



HEMOGLOBIN CATABOLISM 

Il. THE PROTECTION OF HEMOGLOBIN FROM OXIDATIVE 
BREAKDOWN IN THE INTACT ERYTHROCYTE* 

By GORDON C. MILLS anp HARVEY P. RANDALL 

(From the Department of Biochemistry and Nutrition, The University of 
Texas Medical Branch, Galveston, Tezas) 

(Received for publication, November 11, 1957) 

Previous studies have shown that catalase (1, 2) and glutathione peroxi- 
dase (3, 4) in hemolysates protect hemoglobin from the destructive effects 

produced by either hydrogen peroxide or ascorbic acid. Glutathione 

peroxidase is effective only in the presence of adequate amounts of GSH,! 

which serves as a hydrogen donor. The reaction has been represented by 

the following equation (4): 

H.02 + 2GSH : : > 2H:0 + GSSG 
glutathione peroxidase 

This protective system has a lasting effect only when the product of the 

reaction, GSSG, is continuously reduced to GSH. The work of previous 

investigators has shown that erythrocytes have an effective system for 

reducing GSSG (5-8). The TPN-linked reactions of the phosphoglu- 

conate pathway, in conjunction with glutathione reductase, maintain 

erythrocyte glutathione in the reduced state. 
In the present studies, catalase and the peroxidase-GSH system of intact 

erythrocytes are shown to protect hemoglobin from oxidative breakdown 

brought about in the presence of ascorbic acid. When glucose is absent 

from the incubation medium, the protective effect of the peroxidase-GSH 

system is lost. This failure is due to the inability of the cell to reduce 

GSSG. The result is a rapid drop in the GSH level and subsequent loss 

of the protective effect of the peroxidase-GSH system. The protective 

effect of catalase in intact erythrocytes is eliminated by azide, a fact which 

has been demonstrated previously by Foulkes and Lemberg (1). 

In addition, studies with hemolysates show that the peroxidase-GSH 

protective system is effective in the presence of either glucose 6-phosphate, 

6-phosphogluconate, or ribose 5-phosphate. These three compounds have 

been found previously to be effective in reducing GSSG to GSH in erythro- 

* This work was supported in part by a research grant from the National Heart 
Institute of the National Institutes of Health, Public Health Service. 

1GSH and GSSG denote reduced and oxidized glutathione, respectively; DPNH 

and DPN, reduced and oxidized diphosphopyridine nucleotide; TPNH and TPN, 

reduced and oxidized triphosphopyridine nucleotide; ATP, adenosine triphosphate. 
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590 HEMOGLOBIN CATABOLISM. II 

cyte hemolysates (9). The maintenance of the GSH concentration at g 

high level in the hemolysates insures the continued action of the peroxi- 

dase-GSH protective system. In these studies, TPN was added to com. 

of the hemolysate. 

Methods 

Determination of Methemoglobin and Choleglobin—Methemoglobin, in 
the presence of choleglobin, was determined from the change in optical 
density of the solution which accompanies the conversion of cyanmethe- 
moglobin to carboxyhemoglobin (10). The sample was diluted to an 
appropriate volume and concentration (usually 4 to 6 ml. and 0.05 to 0.15 
gm. per cent hemoglobin). Methemoglobin in the sample was converted 

nide (3 to 6 mg.). Hemoglobin and oxyhemoglobin in this same solution 

were then converted to carboxyhemoglobin by treatment of the sample 

with carbon monoxide. After determination of the optical density of the 
sample at 570 my with a Beckman model DU spectrophotometer, cyan- 
methemoglobin was converted to carboxyhemoglobin by the addition of 
sodium dithionite (2 to 3 mg.) and additional carbon monoxide. The 

optical density of the sample at 570 my was again determined (Ds70), in 

addition to the optical density at 627 mu (Dez). Since the ratio of the 

extinction coefficients of carboxyhemoglobin and cyanmethemoglobin at 

570 mu is 1.69:1, the methemoglobin concentration in per cent of total 

heme compounds may be calculated from the following equations: per 

cent methemoglobin = (100(ADs70)/(0.41 (2 + y))); « = 1.018 (Dsx - 

0.45 Door); and y = 1.02 (Deez — 0.026 Ds). The ADszo is the increase 

in optical density at 570 my produced by treatment of the sample with 

sodium dithionite and carbon monoxide; z is the absorption at 570 my due 

to carboxyhemoglobin after correction for the absorption of carboxychole- 

globin at this wave length; and y is the absorption at 627 my due to car- 

boxycholeglobin after correction for the absorption of carboxyhemoglobin 
at this wave length. 

In the determination of methemoglobin by this procedure, it is assumed 

that the absorption of choleglobin at 570 my is not significantly changed by 

treatment of the sample with sodium dithionite. Experimental verifica- 
tion of the validity of this assumption has been presented previously (10). 

The principles of the procedure that was used for the determination of 

choleglobin in the incubated samples have been described previously (10, 

11). The concentration of choleglobin in per cent of total heme compounds 

was calculated from the following equation: per cent choleglobin = (100y/ 

(x + y)). Since the amount of verdohemoglobin in these samples was 

very small, no corrections were needed to compensate for its presence (11). 

pensate for the partial loss of this essential coenzyme in the preparation | 

to cyanmethemoglobin by treatment of the solution with potassium cya- | 
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G. C. MILLS AND H. P. RANDALL 591 

Incubation Procedure for Intact Erythrocytes—Erythrocytes from ap- 

proximately 20 ml. of heparinized rat blood were washed four times with 

40 ml. portions of Krebs-Ringer phosphate buffer,? pH 7.4. The washed 

erythrocytes were then diluted to the desired concentration with a Krebs- 

Ringer phosphate buffer. 
All of the solutions that were to be added in these experiments were either 

prepared as isotonic solutions or were made isotonic by addition of NaCl. 

Ascorbic acid solutions were neutralized with sodium carbonate before use. 

When these reagents were added to samples, the amount of 0.15 m NaCl 

added to that particular sample was decreased accordingly. 

50 ml. samples were incubated in 125 ml. Erlenmeyer flasks at 37° with 

occasional shaking. At the desired time intervals, a 7.5 ml. aliquot was 

removed for the determination of GSH, and a 0.5 ml. aliquot was removed 

for determination of choleglobin and methemoglobin. Since large amounts 

of ascorbic acid interfere in the determination of GSH, most of the added 

ascorbic acid was removed by centrifugation of the 7.5 ml. aliquot and by 

discarding the supernatant fluid. The cells were then hemolyzed with 4.0 

ml. of H,O, the sample was treated with carbon monoxide, and the proteins 

were precipitated with 1 ml. of 25 per cent metaphosphoric acid. The fil- 

trate was frozen and stored until it was analyzed for GSH by the alloxan 

“305” procedure of Patterson and Lazarow (13). 

In order to remove most of the ascorbic acid and any extracellular hemo- 

globin, the 0.5 ml. aliquot was centrifuged and the supernatant fluid dis- 

carded. The cells were hemolyzed by the addition of 0.25 ml. of 0.23 m 

bicarbonate-carbonate buffer, pH 8.8, and 2.5 ml. of distilled water. The 

buffer tends to improve the optical clarity of these solutions. Any further 

reaction of ascorbic acid and hemoglobin was prevented by treating the 

samples with carbon monoxide immediately after hemolysis. The method 

used for determination of choleglobin and methemoglobin in the hemolyzed 

samples has been described above. In order to obtain reproducible spec- 

trophotometer readings, all of the hemolyzed blood samples were centri- 

fuged before the spectrophotometric analysis, even when there was no 

visible precipitate. 

Incubation Procedure for Hemolysates—Erythrocytes from heparinized 

tat blood were washed once with 3 volumes of a Krebs-Ringer phosphate 

buffer? (pH 7.4) containing nicotinamide (0.011 m). The cells were hemo- 

lyzed with distilled water and the isotonicity of the hemolysate was re- 

stored by addition of an appropriate amount of a more concentrated solu- 

tion of Krebs-Ringer buffer (5 times the concentration used above). The 

*In order to prevent the precipitation of calcium phosphate, the Krebs-Ringer 

phosphate buffer (12) was modified by reducing the calcium concentration to 2.3 X 
10*m. In the hemolysate experiments, nicotinamide was added to this buffer at the 

expense of an osmotically equivalent amount of NaCl. 
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592 HEMOGLOBIN CATABOLISM. II 

hemolysates were used without centrifugation. Pyridine nucleotides 

(Nutritional Biochemicals Corporation) were made up in water as 0.012 

solutions. Solutions of glucose 6-phosphate and ribose 5-phosphate 

(Schwarz Laboratories, Inc.), 6-phosphogluconate (Sigma Chemical Com- 

pany), and fructose 1,6-diphosphate (Mann Research Laboratories, Inc.) 

were prepared by dissolving the barium salts in dilute HCl. Sodium 

sulfate was added and barium sulfate was removed by centrifugation. The 

pH of these samples was adjusted to 7 with NaOH before use. 

The incubation period was begun by addition of the desired chemicals 

to the hemolysates. Samples were incubated in test tubes at 37° without 
being shaken. After various time intervals, aliquots were removed and 

choleglobin was determined as described above. 

Results 

Formation of Choleglobin and Methemoglobin in Intact Cells—Foulkes and 

Lemberg (1) have shown that choleglobin can be produced in intact eryth- 

rocytes when they are incubated with ascorbic acid in the presence of azide. 

In the absence of azide, which inhibits catalase, the above authors could 

not detect appreciable amounts of choleglobin, even after prolonged periods 

of incubation. This work suggested that intact cells could be used to study 
those mechanisms that protect the hemoglobin within the erythrocyte 

from the destructive effects of ascorbic acid. 

In some preliminary experiments, erythrocytes from rat blood were 

incubated without added glucose for 16 hours. The subsequent addition 

of ascorbic acid produced considerably more choleglobin within the eryth- 

rocyte than was produced by ascorbic acid in cells which were not subjected 

to the preliminary incubation procedure. Incubation of red cells in the 

absence of glucose leads to a marked reduction in the intracellular glucose 
level. The relative ease with which choleglobin formation could be in- 

duced in these cells suggested that the protective mechanisms of the cell 

were closely related to glucose metabolism. 

It is difficult to control the extent of depletion of the intracellular glucose 

when this is brought about by prolonged incubation periods. Conse- 

quently, in subsequent experiments the glucose level was reduced by re- 

peated washing of the cells with Krebs-Ringer phosphate buffer. Glucose 

determinations by the Nelson procedure (14) on filtrates prepared from 

these washed cells indicated that the intracellular glucose level was below 

10 mg. per cent. In Fig. 1 are shown the effects of glucose and azide on 

choleglobin and methemoglobin formation produced by incubation of these 

washed cells with ascorbic acid. The samples containing glucose were 

washed in the same manner as the other cells and the glucose level was 
restored just before initiation of the experiment. Fig. 2 correlates the 
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les | (GSH level in the cells in these samples with the formation of choleglobin 
‘M | and methemoglobin. 
te The greatest choleglobin formation was always achieved in samples which 
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e Fic. 2. The relation of glucose metabolism to the GSH concentration in washed pa 

2. erythrocytes. The concentrations of the different components were the same as those 
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GSH in the incubated cell suspension. 
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| corresponded quite closely with the time required for the GSH level in 
V : : , " ; 

this sample to drop almost to zero. Since catalase in this sample was in- 

. activated by azide, the loss in GSH resulted in the failure of the peroxidase- 

¥ GSH protective system and subsequent initiation of choleglobin formation. 

. In the sample containing azide and glucose (Sample AA, NaN;, GL), 

there was no significant choleglobin formation despite the fact that the 

catalase was inhibited by azide. The GSH level of this sample was main- 
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tained quite well, and consequently the peroxidase-GSH protective system 

should have been functioning adequately. The absence of choleglobin in 

this sample, as contrasted to that in the previous sample which contained 

azide but no glucose, indicates that the peroxidase-GSH protective system 
was indeed functioning. 

In the sample containing ascorbic acid but no glucose (Sample AA), there 

was a slight choleglobin formation which became significant after about 5 | 

hours of incubation. In this sample the GSH level had dropped almost to 
zero by 3 hours, and after that time there would be no protective effect due | 

to the GSH-peroxidase system. The small yields of choleglobin in this 
sample as compared to that in Sample AA, NaNs, are undoubtedly attrib- 

utable to the protective effect of catalase. Since catalase seldom provides 

complete protection (1), it is not surprising that choleglobin was present 

in Sample AA after the 5th and 7th hours of incubation. 

In the sample containing ascorbic acid and glucose (Sample AA, GL), 

there was no appreciable choleglobin formation, and the GSH level was 

well maintained throughout the course of the experiment. Thus, the 

results with this sample are in accord with the view that both catalase and 

the peroxidase-GSH system were functioning in protecting erythrocyte | 
hemoglobin. 

The presence of azide in two of these samples brought about a marked | 

production of methemoglobin (Fig. 1, AA, NaN; and AA, NaN;, GL). 

It appears that this effect of azide is due to trapping of methemoglobin as 

methemoglobin azide or to inhibition of the enzyme systems responsible 

for the reduction of methemoglobin to hemoglobin (15). There was no 

significant formation of methemoglobin in either of the other two samples 

(Fig. 1, AA, and AA, GL). Since, in the coupled oxidation of hemoglobin 

and ascorbic acid there is always more methemoglobin produced than chole- 

globin, it appears that in these samples any methemoglobin is being re- 

duced as rapidly as it is formed. Methemoglobin reduction is also depend- 

ent upon glucose metabolism; the results with Sample AA indicate, there- 

fore, that the substrates and coenzymes responsible for methemoglobin 

reduction are not depleted as rapidly as those required for the reduction 

of GSSG. Gibson (15) has shown that lactic acid will effectively serve as 

a hydrogen donor in the reduction of methemoglobin Presumably, there 

is sufficient lactic acid present in this sample to prevent the accumulation of 

any methemoglobin. It is evident from the results with Sample AA, 

NaN3;, GL, as well as from studies with crystalline hemoglobin, that the 

peroxidase-GSH system is not nearly as effective in preventing methemo- 

globin formation as it is in protecting hemoglobin from oxidative break- 

down. 

The results shown in Fig. 1 have been qualitatively confirmed in other 
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experiments carried out in essentially the same manner. Methemoglobin 
formation was always highest in samples containing azide but no glucose, 

and a significant amount of methemoglobin also was formed in the presence 

of azide and glucose. Choleglobin formation was most marked in the 

samples containing azide but no glucose. In the absence of glucose, chole- 

globin formation has always been significantly greater than in the presence 

of glucose. 

Protection of Hemoglobin from Oxidative Breakdown in Erythrocyte He- 

molysates—In order to relate more specifically the effect of glucose upon 

the protective mechanisms of red cells, experiments were carried out with 
the use of hemolysates. The two primary metabolic defects of hemolysates 

are their inability to phosphorylate glucose, owing to a loss of ATP, and 

breakdown of the normal hydrogen transfer mechanisms, owing to a loss of 

DPN and TPN (16). Consequently, in these studies, hemolysates were 

fortified with the desired coenzyme, with the use of either glucose 6-phos- 

phate, 6-phosphogluconate, ribose 5-phosphate, or fructose 1 ,6-diphosphate 

as substrates. Since preliminary data suggest that glutathione may be 

partially destroyed in hemolysates, GSSG also was added to provide an 

adequate source of GSH. 

The results of these experiments are shown in Fig. 3. When only as- 

corbic acid was added to the hemolysate, hemoglobin breakdown began 

after approximately 90 minutes of incubation (Curve AA). The addition 

of GSSG to the hemolysate protected hemoglobin from oxidative break- 

down for about 180 minutes (Curve AA + GSSG). Apparently there 

were enough glucose 6-phosphate and TPN present in the hemolysate to 

reduce some of the GSSG to GSH, thus maintaining the protective effect of 

the peroxidase-GSH system for a longer period. The results with the 

samples which contained either glucose 6-phosphate, 6-phosphogluconate, 

or ribose 5-phosphate were in marked contrast to those described above. 

Here, hemoglobin was protected from oxidative breakdown for the full 

360 minutes. The protection of hemoglobin in these samples lasted as 

long as the protection provided by GSH alone (Curve AA + GSH). The 

effect of these three compounds in hemolysates is in accord with previous 

studies which show that GSSG is converted to GSH by TPNH in the pres- 

ence of glutathione reductase. The TPNH is produced by dehydrogena- 

tion of glucose 6-phosphate or of 6-phosphogluconate. Ribose 5-phosphate 

is probably utilized after its conversion to glucose 6-phosphate. Fructose 

1,6-diphosphate and DPN were totally ineffective in protecting hemoglo- 

bin from oxidative breakdown. Since DPN-linked systems are also re- 

ported to reduce GSSG slowly (8), the interpretation of these results with 

DPN and fructose 1 ,6-diphosphate must await further experimentation. 

The results of these experiments with hemolysates are in accord with the 
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596 HEMOGLOBIN CATABOLISM. II 

results of the experiments utilizing intact cells. In both cases, the peroxi- 
dase-GSH system is effective in protecting hemoglobin from oxidative 
breakdown as long as an adequate amount of GSH is present. In intact 

cells an adequate GSH level is maintained as long as glucose is present in 

the incubation medium. In hemolysates, substrates which will serve as 

hydrogen donors to TPN are effective in the maintenance of GSH at an 
adequate level. 

AA 
204 

4 AA+GSSG+DPN+ 
“i FDP 

z CAA+GSSG 
@ 

S 
© re) T TT T ' 
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Pa} 1@) Tt T T T 
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0 ' Tt T T 
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0 
© 90 180 270 360 
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Fig. 3. The relation of red cell metabolism to the protection of hemoglobin from 
oxidative breakdown in hemolysates. The final concentrations of ascorbic acid (AA) 

and hemoglobin in each of the incubated samples were 3.5 X 10-* M and 1.0 gm. per 
cent, respectively. In addition, the components shown adjacent to each curve were 

present in the following concentrations: GSH and GSSG, 8.0 X 10-4 m; TPN and 

DPN, 4.0 X 10-‘M; glucose 6-phosphate (G-6-P), ribose 5-phosphate (R-5-P), 6-phos- 

phogluconate (6-PG), and fructose 1,6-diphosphate (FDP), 5.6 X 10-3 m. Each 

sample was made to a final volume of 6.0 ml. by the addition of the required amount 
of 0.15 mM NaCl. 

There was no significant amount of methemoglobin produced in any of 

the hemolysate samples during the incubation period. Apparently, all 

of the samples contained sufficient lactic acid and the cofactors needed to 

prevent the accumulation of methemoglobin. 

DISCUSSION 

The coupled oxidation of ascorbic acid and oxyhemoglobin probably 

leads to the intermediate formation of H,O2 or a hemoglobin-H,O. complex 

(17). Since ascorbic acid acts as a hydrogen or electron donor in the above 

reaction, other hydrogen donors which bring about the oxidative break- 

down of hemoglobin probably react in an analogous manner. Apparently 

such compounds as epinephrine (18), phenylhydrazine (19), and acetyl- 
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phenylhydrazine (9) react with oxyhemoglobin to yield H2O: or a complex, 

since the peroxidase-GSH system protects hemoglobin from oxidative 

breakdown in the presence of these compounds.’ Certain drugs which 

have hemolytic effects in drug-sensitive individuals appear to react similarly 

in vivo to phenylhydrazine (20). These drugs produce a marked reduction 

of GSH in erythrocytes of drug-sensitive individuals (21), owing to a de- 

ficiency of glucose-6-phosphate dehydrogenase within the erythrocyte (5). 

Because of this deficiency, the ability of these red cells to reduce GSSG to 

GSH is markedly lowered. The following sequence of reactions provides 

a logical explanation for the low GSH level in drug-sensitive individuals. 

The drug, or a metabolite of the drug, reacts with oxyhemoglobin to pro- 

duce hydrogen peroxide. The GSH peroxidase catalyzes the destruction 

of H,O2z, and GSH is oxidized to GSSG. In normal red cells, GSSG is 

reduced as rapidly as it is formed, but in drug-sensitive cells the oxidation 

of GSH proceeds at a rate which exceeds the capacity of the cell to reduce 

GSSG. Here, the erythrocyte GSH level drops and a marked hemolysis 

follows. 

The necessity of including oxyhemoglobin in the sequence of reactions 

was shown by Beutler, Robson, and Buttenweiser (9) in their studies with 

acetylphenylhydrazine. With hemolysates, the acetylphenylhydrazine 

brought about a marked increase in the rate of oxidation of GSH when 

oxyhemoglobin was present, even though the oxyhemoglobin was not sig- 

nificantly altered in the process. Since acetylphenylhydrazine brings 

about the oxidative breakdown of hemoglobin in solutions of crystalline 

hemoglobin,’ the protection of hemoglobin from oxidative breakdown in 

the experiments of Beutler et al. (9) must have been due to the presence in 

the hemolysates of the peroxidase-GSH system. In the process of protect- 

ing the hemoglobin from oxidative breakdown, the GSH is oxidized to 

GSSG. The relation between the lowered GSH level and the hemolysis 

of the erythrocytes is not yet clear. Previous workers have shown that 

chemicals which oxidize or react with erythrocyte sulfhydryl compounds 

produce an increased rate of hemolysis (22, 23). 

The authors wish to acknowledge the technical assistance of Miss Dolores 

Casimere and Miss Freddie Craven in the studies with hemolysates. 

SUMMARY 

Studies have been conducted with intact erythrocytes to show the re- 

lationship of cell metabolism to the ability of the cell to protect hemoglobin 

from oxidation. Reduction of the glucose level of the cells resulted in a 

marked decrease in the efficiency of the protective mechanisms of the cell. 

Evidence is presented which indicates that the over-all effect of the glucose 

* Mills, G. C., unpublished results. 
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598 HEMOGLOBIN CATABOLISM. II 

is to maintain glutathione in the reduced state. In the presence of an 

adequate amount of reduced glutathione (GSH), the peroxidase protects 

hemoglobin from oxidative breakdown by catalyzing the destruction of 

hydrogen peroxide. Azide does not interfere with this peroxidase-GSH 

protective system but it does eliminate the additional protective effect of 
catalase. 

Experiments with erythrocyte hemolysates also showed the relationship 

of cell metabolism to the protection of hemoglobin. Either glucose 6- 

phosphate, 6-phosphogluconate, or ribose 5-phosphate in the presence of 

added oxidized triphosphopyridine nucleotide and oxidized glutathione 

markedly increased the ability of hemolysates to protect hemoglobin from 

oxidative breakdown. 

The relationship of these protective systems to the hemolytic effects of 

certain drugs is also discussed. 
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BIOGENESIS OF YEAST STEROLS 

III. THE ORIGIN OF CARBON 28 OF ERGOSTEROL* 

By GEORGE J. ALEXANDER,{t ALLEN M. GOLD, anp ERWIN SCHWENK 

(From the Worcester Foundation for Experimental Biology, 

Shrewsbury, Massachusetts) 

(Received for publication, December 2, 1957) 

The generally accepted scheme of sterol biogenesis does not account for 

the presence of the methyl group attached to C-24 of ergosterol. It has 

been shown that this methyl group is not derived from acetic acid (1). 

In 1955 Robinson presented the hypothesis that condensation of 1 mole of 

propionate with 17 moles of acetate would explain the existence of this 
“extra” carbon atom (2). A similar scheme was proposed by Woodward 

CH; CH; CH; 

| Os 
(1) —CH,CH=C—CH.CH.CH=C—CH:.CH.—C=C — 

CH; CH; 

(I) 
CH; CH; CH; 

| | 
|-CH,COOH], + O=C—CH.CH,COOH + O=C—CH,CH.—C=0 + O=C 

»% 
CH; CH; 

Succinic acid Levulinic acid 2,5-Hexanedione Acetone 

CH; CH; CH; 

| | fl 
(2) —CH.CH=C—CH.CH:,CH=C—CH.CH:CH=C — 

\ 
CH; 

(IT) 
CH; CH; CH; 

| | J 
[—CH.:COOH], + O=—C—CH.CH.COOH + O=C—CH.CH,COOH + O=C 

CH; 

Succinic acid Levulinic acid Levulinic acid Acetone 

*This work was supported by the United States Public Health Service grant 

No. C321, an Institutional Grant from the American Cancer Society, The Schering 

Corporation, Bloomfield, New Jersey, and the Jane Coffin Childs Memorial Fund. 

t Present address, Biochemistry Department, Columbia University, and New 

York State Psychiatric Institute. 
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600 BIOGENESIS OF YEAST STEROLS. III 

for the biosynthesis of certain antibiotics and branched chain fatty acids 

such as tuberculostearic acid (3). Robinson’s suggestion implied that a 
methyl squalene (I), rather than squalene (II), is a precursor of ergosterol. 

This methyl squalene, on ozonization, would yield 1 mole of 2,5-hexane- 

dione instead of 1 of the 4 moles of levulinic acid given by squalene (4). 

If radioactive propionate were incorporated into the hypothetical methyl 

squalene, it would be found in the hexanedione. 

An alternative explanation for the origin of the “extra” methyl group of 

ergosterol predicates identical precursors for cholesterol and ergosterol 

beyond squalene, and the introduction of a 1-carbon unit at a later stage of 

the biosynthesis. Both hypotheses were investigated and the results of 

these investigations are given below. 

General Procedure 

In whole yeast experiments, dry bakers’ yeast (Fleischmann’s) was 

suspended in Tris'-HCl buffer with yeast hydrolysate (Nutritional Bio- 

chemicals Corporation, Cleveland, Ohio) as a source of the cofactors. 

After addition of radioactive substrate, the suspension was divided into 

aliquots and incubated aerobically on a rotary shaking table at room 

temperature. Yeast homogenate was prepared by stirring a suspension of 

dry yeast in aqueous glycerol solution, followed by centrifugation and 

dialysis (5). 

The incubation was stopped by addition of an equal volume of 20 per 

cent methanolic potassium hydroxide. Pooled contents of the flasks were 

hydrolyzed, acidified, and extracted with ether. The extract was washed 

thoroughly with alkali to remove acidic material. The non-saponifiable 

residue was treated with digitonin and the sterols were isolated from the 

digitonides as described before (6). The fatty acids were recovered by 

acidification and extraction of the alkaline washes. 

Unless otherwise specified, all labeled substances contained 1 me. of C¥ 

per mmole. Radioactivity was assayed in a gas flow counter, in which 

1 me. was equivalent to 3 X 10° c.p.m. 

EXPERIMENTAL 

Propionate As Ergosterol Precursor—Resting yeast and cell-free yeast 

homogenates were incubated in the presence of sodium propionate-1-C', 

sodium propionate-2-C™, or propionyl-1-C'-CoA, prepared by the method 

of Simon and Shemin (7), with sodium acetate-1-C™ as a standard for 

comparison. All propionate experiments were uniformly negative. No 

1The following abbreviations have been used: adenosine triphosphate, ATP; 

diphosphopyridine nucleotide, DPN; coenzyme A, CoA; tris(hydroxymethyl)- 

aminomethane, Tris. 
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G. J. ALEXANDER, A. M. GOLD, AND E. SCHWENK 601 

differences were noted between the incorporation of propionate-1 or 2-C™ 

or the CoA derivative. A typical series of experiments is shown in Table I. 

Degradation of Yeast Squalene—About 25 gm. of yeast non-saponifiable 

matter obtained from the mother liquors of ergosterol manufacture? were 

chromatographed on an alumina column. The pentane eluate yielded 

1.63 gm. of squalene-containing oil. This substance was dissolved in 75 

ml. of ethyl acetate and cooled to —70° in a dry ice bath. A white precip- 

itate similar to material encountered before (8) was removed by filtration 

and the residue from the filtrate was dissolved in pentane and treated with 

active charcoal. After filtration through Celite, the solvent was evapo- 

TABLE I 

Incorporation of Propionic Acid into Sterols 

System | Substrate | —- | i 
| | 

| pe. | C.p.m. per mg. 

Whole yeast | Sodium acetate-1-C™ 16 | 1650 
“ ‘¢  propionate-1-C™ 16 0.7 
= ” | = propionate-2-C™ 16 0.5 

ve . Propionyl-2-C4-CoA 16 0.6 
Homogenate | Sodium acetate-1-C™ 10 4200 

> ‘¢  propionate-1-C" 10 2 

‘3 “  propionate-2-C™ 10 2 

“53 Propionyl-2-C4-CoA 10 3 

Whole yeast: Each batch consisted of four flasks containing 1.5 gm. of dry bakers’ 

yeast, 10 ml. of 0.1 m Tris-HCl buffer (pH 7), 0.1 gm. of yeast hydrolysate (Nutri- 
tional Biochemicals Corporation), and 4 uc. of labeled substrate. Incubated at 

room temperature for 48 hours. Homogenate: Each batch consisted of four flasks 
containing 4 ml. of homogenate, equivalent to 1 gm. of dry bakers’ yeast, 0.0004 m 
ATP, DPN, and CoA, 0.1 m Tris-HCl buffer, and 2.5 ue. of labeled substrate. In- 

cubated at room temperature for 48 hours. 

rated, leaving 0.96 gm. of viscous oil, which was then carefully rechromato- 

graphed on 100 gm. of Alcoa alumina. The pentane fractions containing 

squalene were combined, yielding 0.38 gm. of pure colorless product. 

The infrared spectrum of this product was identical to the spectrum of the 

best authentic sample of squalene available. 

The purified squalene (0.33 gm.) was dissolved in ethyl acetate and 

treated with excess ozone at —70°. The solvent was removed by gentle 

warming in vacuo and the residue treated overnight with H,O, in glacial 

acetic acid. Water was then added and the solution neutralized with 

* The authors thank Dr. F. Reiff, Director of the Research Laboratories of Zell- 
stoff-Fabrik Waldhof, Mannheim-Waldhof, Germany, for the generous gift of this 

material. 
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602 BIOGENESIS OF YEAST STEROLS. III 

K;CO; and partially distilled. Yellow crystals precipitated when the 

distillate was treated with 2 ,4-dinitrophenylhydrazone reagent solution (9). 

The isolated crystals dissolved when treated with 5 ml. of boiling methanol. 

On cooling, the methanol deposited 53 mg. of yellow crystals, m.p. 125.0- 

125.6° (authentic acetone-2,4-dinitrophenylhydrazone melted at 126.0- 

127.0°). Control experiments indicated that the presence of only a few 

mg. of 2,5-hexanedione would be detectable by the insolubility of its 
2,4-dinitrophenylhydrazone in methanol. Crude levulinic acid was 

isolated, as the 2,4-dinitrophenylhydrazone, in 62 per cent yield from the 

undistilled residue. 

A confirmatory experiment was carried out with 5 mg. of radioactive 

yeast squalene, specific activity 5000 c.p.m., prepared by incubation of 

yeast homogenate with carboxyl-labeled acetate. After ozonization, 10 

mg. of 2,5-hexanedione were added to the reaction mixture, which was 

then treated with H.O2 as before. The distillate gave a heavy precipitate 

with 2,4-dinitrophenylhydrazine. The product was washed with boiling 

methanol and recrystallized from pyridine, yielding 10 mg. of pure 2,5- 

hexanedione-bis-2 ,4-dinitrophenylhydrazone, which proved devoid of 

radioactivity. Levulinic acid (15 mg.) was added to the non-volatile 

residue from the distillation and reisolated as the 2,4-dinitrophenylhy- 

drazone, m.p. 204°, and specific activity 200 c.p.m. If squalene had been 

the only radioactive component of the starting material, the levulinic 

acid 2,4-dinitrophenylhydrazone should have given a specific activity of 

275 ¢.p.m. 

Comparison of Various 1-Carbon Donors As Precursors of Ergosterol— 

Possible sources of the “extra” group of ergosterol were investigated in 

parallel experiments in which aliquots of one yeast homogenate preparation 

incubated with various radioactive substrates were used. The non- 

saponifiable fraction, isolated as usual, was diluted with 10 mg. of ergosterol, 

precipitated with digitonin, and the recovered ergosterol was recrystallized 

to constant specific activity. The fatty acids of the saponifiable fraction 

were counted directly. Two typical experiments involving sodium acetate- 

1-C, sodium propionate-2-C", sodium bicarbonate-C", formaldehyde-C*, 

sodium formate-C', choline-N-methyl-C™, serine-3-C™, and methionine- 

methyl-C" are shown in Table II. 

The optimal duration of incubation of yeast homogenates with methio- 

nine-methyl-C"“ was determined by incubating aliquots of homogenate for 

increasing periods of time. The capacity of the system to utilize methio- 

nine was established by incubating aliquots of homogenate with a constant 

quantity of methionine-methyl-C™“ and with increasing amounts of non- 

radioactive methionine as a diluent. The results of these two experiments 

are shown in Figs. 1 and 2. 
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If methionine-methyl-C“ were the specific precursor of the “extra” 

methyl group of ergosterol, then squalene, lanosterol, and zymosterol 

should prove inactive since they do not possess that methyl group. There- 

TaBLe II 

Comparison of Different i Donors As Precursors of Ergosterol and Fatty Acids 

| 

eet eS Fatty acids Non- pea | Ergosterol 

ment Source of C# poor aN 

No. Total 'Per cent| Total |Per cent} Total |Per cent 
counts | yield counts | yield | counts | yield 

la Sodium acetate-1-C™ 1.0 | 940 | 0.30 | 3,670 0 1.20 | 1,400) 0.47 
b - propionate-2-C™ 1.0 | 98 | 0.05 1,230) 0.43 | 250) 0.08 

c Formaldehyde-C™ 1.0 36 | 0.01 1,330) 0.43 | 515) 0.17 

d NaHCO; 1.0 | 150 | 0.05 2,300! 0.75 760) 0.25 

e Lt-Methionine-methyl-C™ 1.0 | 640 | 0.21 |60, 600/20. 2 |42,600/14.2 

2a Choline-N -methyl-C™ 0.5 | 270 | 0.18 700| 0.47 | 510) 0.34 
b Sodium formate-C"™ 0.5 | 430 | 0.29 | 8,640) 5.8 | 2,700 1.87 

c pL-Serine-3-C™* 0.5 | 470 | 0.32 16, 600)11.0 | 8,150) 5.43 

d | ccna 0.5 | 300 | 0.20 (37, — 8 |18, 750)12.5 

The homogenate i is the same as in the experiment described i in TableI. Incubated 
at room temperature for 48 hours. The ergosterol yields are computed from the 
experimental specific activities and the total weights of carrier added. 
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Fig. 1. Optimal duration of incubation with methionine. 

as in the experiment described in Table I. 

added to each flask. 

The same homogenate 
1 we. of methionine-methyl-C™ was 

fore an experiment was designed to determine whether these substances 

contain significant amounts of radioactivity. Three aliquots of yeast 

homogenate were incubated with methionine-methyl-C" for 48 hours at 

room temperature. The non-saponifiable fraction was isolated and diluted 

with 100 mg. of ergosterol, yielding a total of 106 mg. of specific activity 

2125 c.p.m. Three crystallizations from very dilute methanol solutions, 
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with great losses at each step, gave pure sterol, specific activity 1555 ¢.p.m., 
Amax 271, 282, 293 my (€max 11,950, 12,700, and 7150, respectively). The 
residue from the combined mother liquors was acetylated with acetic 
anhydride in pyridine and treated with excess maleic anhydride in xylene 
in order to remove the remaining ergosterol (6). Squalene was separated 

eb 
% RECOVERY OF C4 ro T 

NON SAPONIFIABLE LIPIDS 

100 200 300 4OO 500 GOO 700 800 

METHIONINE. CONCENTRATION ug /4cc 
Fic. 2. Capacity of yeast homogenate to convert methionine to non-saponifiable 

lipides. The same homogenate as before. 0.5 uc. (0.075 mg.) of methionine- 

methyl-C™ in each flask plus additional unlabeled methionine, as indicated. 48 
hour incubation. 

TaBLeE III 

Isolation of Ergosterol-28-C™ 

C.p.m. | Per cent yield 

—— cers! RRR ii 

Methionine-methyl-C™ used. ..................... 450,000 | 

Non-saponifiable fraction......................... 225,000 
IS Sires ard res ealb ne Xcsaicudta sa Sy Rkoasa és 0 onal e a 161,700 

eee eee ie ens nyse se thhiciee Se Galois 20 ’ 004 

I Xivec aioe Sines oeacies andere la xcaea ghana las 100 0.02 

PS a cikte nae aces ask cake wou dienn tenes cheats 100 | 0.02 

Three flasks of the usual homogenate, with 0.5 uc. of methionine-methyl-C" in 
each. Incubated for 48 hours. 

from the residue by chromatography on alumina. Zymosterol and 

lanosterol in the sterol fraction of the chromatogram were separated by 

differential precipitation with digitonin (10). Carrier lanosterol and 

zymosterol were added to the appropriate fractions and the sterols purified 

by paper chromatography (11). No radioactivity persisted with the lano- 

sterol or zymosterol fractions, even though the accuracy of the procedure 

permitted detection of as little as 100 c.p.m. over background (Table III). 
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Degradation of Ergosterol-C'\—A stepwise degradation of ergosterol de- 

rived from methionine-methyl-C™ was carried out in order to prove that the 

radioactivity is concentrated in C-28. Small amounts of ergosterol-C™ 

synthesized in yeast homogenates from acetate-1-C and from methionine- 

methyl-C" were available and were used in a preliminary experiment. A 

total of 25 mg. of ‘“‘acetate’’ ergosterol, specific activity 388 c.p.m., and 30 

mg. of “methionine”’ ergosterol, specific activity 269 c.p.m., were ozonized 

according to the procedure of Hanahan and Wakil (1). In each case, the 

non-volatile residue from the steam distillation was extracted and assayed 

for radioactivity. The steam-volatile material, a,8-dimethylbutyralde- 

hyde from the side chain of ergosterol, was converted to the 2 ,4-dinitro- 
phenylhydrazone and purified by chromatography. The results indicated 

TABLE IV 

Degradation of Ergosterol Acetate Derived from Methionine-methyl-C™ 

C.p.m. per mmole carbon 

Substance 

Experimental Th oretical 

ee Eee ee | 340 

ab immathigtatyrate. . . 2.2... ci csc secsaceess .| 1730 1,700 
NN ee ree 0 0 

I 56. 56.5 2:0 cksk 56 ah ah plots ware seeshfors 7030 10,200 

Ergosterol prepared by incubation of 25 gm. of dry yeast in 480 ml. of distilled 
water, 0.17 mM glucose, 0.015 m NaAc, 0.001 m NaCl, MgSO,, 0.0001 m nicotinamide, 

0.00001 m ATP, 0.00001 m DPN, 0.1 m Tris-HCl buffer (pH 7), and 30 ue. (4.5 mg.) 

of L-methionine-methyl-C™. 24 hour incubation. For details of purification of the 
sterol, see the text. All samples were assayed as BaCOQ3. 

that the radioactivity from acetate-1-C™ was distributed throughout the 

molecule, while the radioactivity from methionine-methyl-C“ was found 

mainly in the side chain of ergosterol. 

The experiment was repeated with a larger quantity of “methionine” 

ergosterol carefully chromatographed over 45 gm. of alumina (Woelm, 

gradeI). A small portion of the ergosterol was recrystallized from acetone, 

ethanol, and methanol until, after eight crystallizations, a constant specific 

activity of 770 c.p.m. was reached. A sample of this purified ergosterol 

was chromatographed on Whatman No. 1 paper in the kerosene-alcohol 

system for 48 hours. A single radioactive spot, coincident with the location 

of ergosterol, was observed, demonstrating the radiopurity of the substance. 

The remaining crude ergosterol was acetylated and decolorized with 

Norit in pentane. The white product was recrystallized four times from 

ethanol to constant specific activity, 700 c.p.m., which corresponds to a 

specific activity of 770 c.p.m. for the free sterol. A total of 52.8 mg. of 
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this substance was mixed with 950 mg. of non-radioactive ergosterol 

acetate, yielding 1.0 gm. of substance, specific activity 36 c.p.m. 

This ergosterol acetate was ozonized as before. The 6-carbon fragment 

from the side chain was isolated as sodium a,8-dimethylbutyrate, C-23 as 

BaCO;, and C-28 as iodoform. All samples were converted to BaCO,, 
the sterol and the sodium a,8-dimethylbutyrate by dry combustion, and 

the iodoform by the Van Slyke oxidation (Table IV). 

DISCUSSION 

It is apparent that neither the radioactive sodium propionate nor its 

CoA derivative was incorporated into ergosterol. The small quantities of 

radioactivity found in ergosterol in these experiments can easily be ac- 

counted for by partial degradation of the propionate-C and reincorpora- 
tion of its components via the metabolic mill. 

Since ergosterol is the main sterol of yeast, constituting about 90 per cent 

of the sterol content, any precursor of ergosterol could be expected to be 

present in sizable quantities, as compared to corresponding precursors of 

secondary yeast sterols such as zymosterol. If propionate were to enter 

the biosynthetic sequence together with acetate, the major portion of the 

“squalene” fraction from yeast should exist as ‘‘methyl squalene.” Ozoni- 

zation of yeast squalene gave acetone and levulinic acid but no 2, 5-hexane- 

dione, which would be formed from a methyl squalene. Degradation of 

yeast squalene synthesized from acetate-1-C™, with use of carrier levulinic 

acid and 2,5-hexanedione, yielded radioactive levulinic acid but inactive 

diketone, which proves that squalene was degraded as expected and that 

no methyl squalene was present. Even 10 per cent of such admixture 

would have been sufficient to permit detection through the radioactivity 

of the 2,5-hexanedione. These findings prove that propionic acid is not a 

precursor of C-28 in the ergosterol molecule. 

Ascan beseen from Table II, methionine, serine, and formate’ were better 

sources of C™ than the other compounds tested, which contributed only 

negligibly to the radioactivity of ergosterol. The yields from methionine 

were excellent, exceeding those previously obtained with any radioactive 

precursor of ergosterol in yeast, including acetate. In later incubations 

yields as high as 68 per cent in the non-saponifiable fraction and 51 per cent 

in the sterols were obtained (14). 

Fig. 1 demonstrates that incorporation of C™ from methionine into the 

non-saponifiable fraction reaches a maximum after 24 hours, while incor- 

8 While the work reported in this and the following paper was in progress, Daniel- 

son and Bloch (12) reported on the incorporation of formate into C-28 in ergosterol 

and Dauben et al. (13) described the conversion of formate into the corresponding 

carbon atom in eburicoic acid. 
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poration into sterols is highest after 48 hours of incubation. At the latter 

time 90 per cent of the radioactivity present in the non-saponifiable material 

resides in sterols. It is interesting to note that the total radioactivity of 

the sterols decreases after this time. Autoxidation, which would prevent 

precipitation with digitonin, may account for some of this decrease. A 

conversion of ergosterol to compounds analogous to the bile acids, similar 

to the conversion of cholesterol in mammalian tissues, would also cause a 

loss of radioactivity, since it involves a degradation of the side chain in 

which all the C™ is concentrated. 

The capacity of the homogenate to convert methionine to non-saponifia- 

ble lipides, as shown in Fig. 2, indicates that a maximum of 1 umole of 

methionine can be efficiently utilized and consequently a maximum of 1 

umole of ergosterol can be synthesized in a standard incubation. However, 

only 30 per cent of the radioactivity is utilized in ergosterol synthesis, and 

therefore only about 140 y of ergosterol are synthesized in the 4 ml. of 

homogenate, in a 48 hour incubation. Since the homogenate contains 
1.5 mg. of proteins, the rate of ergosterol synthesis is approximately 0.2 

y per mg. of protein per hour. 

The analysis of non-saponifiable lipides from an incubation with 

methionine-methyl-C™ (Table III) shows that 72 per cent of the radio- 

activity resides in ergosterol, and none in zymosterol and lanosterol. In 

a comparable experiment (10) with the same type of yeast homogenate 

incubated with acetate-1-C™, 36 per cent of the radioactivity resided in 

ergosterol, 4.5 per cent in zymosterol, and 2.7 per cent in lanosterol. This 

proves that all three compounds are derived from acetate, while only 

ergosterol is derived from methionine. 

The data from the stepwise degradation of the side chain of ergosterol 

confirm this result in demonstrating that the incorporation of C" is limited 

to C-28 when methionine-methyl-C™ is used as a source of radioactivity. 

The sodium a,8-dimethylbutyrate contains all the radioactivity of the 

parent sterol, and C-23 is completely devoid of activity, suggesting that no 

randomization of C™ occurred. The low activity of the BaCO,; derived 

from C-28 must be ascribed to the technique of wet combustion of iodoform. 

Similar low results have been obtained by other investigators (16). 

It was shown in a previous paper from this laboratory that squalene and 

lanosterol of animal origin which lack the “extra” methyl group are con- 

verted by yeast homogenates into ergosterol (10). These experiments 

agree with the present findings that propionic acid is not a precursor of 

ergosterol. These observations and the data on methionine suggest that 

‘The results of a degradation of ergosterol reported in a preliminary communica- 
tion from this laboratory (15) were obtained with another less pure sample of the 

sterol. 
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“extra”? methyl groups in natural substances, such as certain mold metabo- 

lites, branched chain fatty acids, and terpenes are not derived from pro- 

pionic acid as proposed by Robinson (2) and Woodward (3) but from the 

methyl group in methionine. Birch et al. have recently reached a similar 

conclusion concerning the origin of methyl groups in a variety of natural 

products, based on their study of the biosynthesis of mycophenolic acid 
(17). 

The technical assistance of Miss Nancy Henry is gratefully acknowl- 

edged. 

SUMMARY 

1. Propionic acid, examined as a potential precursor of the side chain of 

ergosterol, was not incorporated into the sterol. Squalene from yeast, 

degraded by ozonolysis, was found to be identical with squalene from 

animal sources. 

2. Methionine-methyl-C™, serine-3-C", and sodium formate-C™ were 

incorporated into ergosterol in yeast homogenates, methionine being the 

most efficient source of radioactivity for the sterol. 

3. Choline-N-methyl-C", formaldehyde-C™, and sodium bicarbonate- 

C™ were incorporated only to a negligible extent. 

4. The maximal incorporation of methionine-methyl-C™ occurred in 48 

hours of incubation. The maximal rate of synthesis was found to be 0.2 

y of sterol per mg. of protein per hour. 

5. With methionine-methyl-C" as the source of radioactivity, only ergo- 

sterol was found to be radioactive; zymosterol and lanosterol were devoid 

of radioactivity. A stepwise degradation of ergosterol acetate showed that 

all the radioactivity resided in C-28. 

BIBLIOGRAPHY 

. Hanahan, D. J., and Wakil, S. J., J. Am. Chem. Soc., 76, 273 (1953). 

. Robinson, R., The structural relations of natural products, Oxford (1955). 

. Woodward, R. B., Angew. Chem., 68, 13 (1956). 

. Cornforth, J. W., and Popjak, G., Biochem. J., 58, 403 (1954). 
. Alexander, G. J., Science, 126, 1065 (1957). 

. Schwenk, E., Alexander, G. J., Stoudt, T. H., and Fish, C. A., Arch. Biochem. 

and Biophys., 55, 274 (1955). 
7. Simon, E. J., and Shemin, D., J. Am. Chem. Soc., 75, 2520 (1953). 
8. Schwenk, E., Todd, D., and Fish, C. A., Arch. Biochem. and Biophys., 49, 187 

(1954). 
9. Shriner, R. L., and Fuson, R. C., The systematic identification of organic com- 

pounds, New York (1948). 
10. Alexander, G. J., and Schwenk, E., Arch. Biochem. and Biophys., in press. 

11. Alexander, G. J., and Schwenk, E., Arch. Biochem. and Biophys, 66, 381 (1957). 

12. Danielson, H., and Bloch, K., J. Am. Chem. Soc., 79, 500 (1957). 

aon rk Wd 

16. 

17 

. Dar 

(1 
. Ale 

Ale 

Eh 

. Bir 



ro- 

the 

lar 

ral 

eld 

0- 

id 

87 

_ oo 

— oe 

16 

— 

G. J. ALEXANDER, A. M. GOLD, AND E. SCHWENK 609 

. Dauben, W. G., Fonken, G. J., and Boswell, G. A., J. Am. Chem. Soc., 79, 1000 
(1957). 

. Alexander, G. J., and Schwenk, E., J. Biol. Chem., 232, 611 (1958). 

. Alexander, G. J., Gold, A. M., and Schwenk, E., J. Am. Chem. Soc., 79, 2967 
(1957). 

. Ehrensvard, G., Reio, Q., Saluste, E., and Stjernholm, R., J. Biol. Chem., 189, 
93 (1951). 

. Birch, A. J., Fortschr. Chem. org. Naturstoffe, 14, 186 (1957). Birch, A. J., 

English, R. J., Massy-Westropp, R. A., Slaytor, M., and Smith, H., Proc. 

Chem. Soc., 204 (1957). 



(Fro 

M 

bons 

ergo 

has 

nine 

give 

in tl 

The 

mec 



BIOGENESIS OF YEAST STEROLS 

IV. TRANSMETHYLATION IN ERGOSTEROL SYNTHESIS* 

By GEORGE J. ALEXANDER} ano ERWIN SCHWENK 

(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts) 

(Received for publication, December 2, 1957) 

Methionine was found to be more efficient than formate, serine, bicar- 

bonate, formaldehyde, or choline as a source of the C-28 methyl group of 
ergosterol in yeast (1). While transfer of an intact methyl group to carbon 

has not been previously recorded, oxidation of the methyl group of methio- 

nine to formate has been demonstrated and formate-C" has been shown to 

give rise to C-28 of ergosterol (2). Nevertheless, preliminary experiments 

in this laboratory indicated that a true transmethylation may occur (3). 

The experiments described in this paper were designed to elucidate the 

mechanism of the transfer of the 1-carbon unit from methionine to sterol. 

General Procedures 

All experiments were carried out with cell-free yeast homogenate pre- 

pared, as before, from dry bakers’ yeast by stirring in glycerol suspension 

(4). Each incubation consisted of homogenate corresponding to 1 gm. 

of yeast and containing 1.5 mg. of protein with a radioactive substrate and 

such additional substances as indicated in Tables I to IV. Incubations 

were carried out at room temperature on a rotary shaking machine. The 

non-saponifiable lipides and sterols were isolated as before (1). 10 mg. of 

carrier ergosterol were added to the non-saponifiable fraction before the 

isolation of sterols. Radioactivity was determined in a gas flow counter in 

which 1 me. equals 3 X 108 c.p.m. 

EXPERIMENTAL! 

Utilization of Methionine, Sodium Formate, and Serine—The relationship 

between methionine and formate as precursors of ergosterol was studied 

in a series of competitive inhibition experiments in which excess of one of 

the compounds was used to inhibit the incorporation of the other. Homo- 

*This work was supported by the United States Public Health Service grant 

No. C321, an Institutional Grant from the American Cancer Society, and the Jane 

Coffin Childs Memorial Fund. 

t Present address, Biochemistry Department, Columbia University, and New 

York State Psychiatric Institute. 

1 The following abbreviations have been used: tris(hydroxymethyl)aminomethane, 
Tris; adenosine triphosphate, ATP. 
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cysteine and folic acid, which catalyzes the condensation of formate and 

homocysteine to methionine, were used to ascertain the relative importance 
of de novo methyl synthesis. Aminopterin, a folic acid antagonist (5), 

provided complementary evidence. The results of a number of typical 

TABLE I 

Methionine and Formate As Precursors of Ergosterol 

Recovery 

“ent Source of C™ Additions madeeenmnent woe 
oO. | 

acivty| Pet hacivy| Be 
la | Formate 8.6| 5.8| 6.6] 4.4 
b - pL-Homocysteine 15.2 | 10.0 | 12.0} 8.0 

c si = + folic acid 25.8 | 17.0 | 21.8 | 14.5 
d i - + Aminopterin) 3.5] 2.3} 1.5] 1.0 
e a Lt-Methionine 0.5; 0.3] 0.3] 0.2 
f Lt-Methionine 37.2 | 25.0 | 29.2 | 19.5 

g 7 Formate 31.5 | 21.0 | 27.5 | 18.3 

h . = + pui-homocysteine 8.6 | 5.7] 7.4] 4.9 

i - “9 + = + a0] 1.81 32) i323 
folic acid 

j . Formate + pu-homocysteine + | 26.0 | 17.3 | 24.0 | 16.0 
Aminopterin 

2a | Formate 3.0} 2.0 

b o Lt-Methionine 1.2} 0.8 
ce | u-Methionine 29.4 | 19.9 

d 2 Formate + pui-homocysteine + 1.8) a2 

folic acid 

" Formate + pi-homocysteine + 24.4 | 16.3 
Aminopterin | 

Each flask contained 4 ml. of yeast homogenate made from 1 gm. of dry yeast, 
0.1 m Tris-HCl buffer (pH 6), 0.0002 m ATP, and 0.5 ue. of C4 (1 me. per mmole). 

Additions, where indicated, were homocysteine, 5 mg.; folic acid, 1 mg.; Aminop- 
terin, 2 mg.; methionine, 15 mg.; sodium formate, 5 mg. Incubated at room tem- 

perature for 48 hours. 

experiments are shown in Tables I and II. Addition of ethionine, the 

S-ethyl analogue of methionine, cut the yield from methionine in half. 

A hydroxy analogue of methionine, a-hydroxy ,y-methylmercaptobutyric 

acid proved even more inhibitory. 

Since serine-3-C™ was found to be a good 1-carbon donor (1), non-radio- 

active serine was added to the homogenate along with methionine-methyl- 

C™. Surprisingly, a considerable enhancement of the incorporation of 

methion 
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methionine-methyl-C™ was observed (Table III). This effect was con- 

sistently noted in many experiments. 

TaBLe II 

Influence of Folic Acid 

| | Non-saponifiable Sterols 

Eangiment | Sodium, eMetbioie| rote acid | Aminontea| noer | | atom oq 
| | | | activity | Per | activity Per 

| Xx 10-3 cent x 10-3 cent 

| | | 

ei - | 4 - - 48 36 | 43 29 
lb | - + + - 33 22 29 19 
2 a ae eee - | 15 | 10 | 12 8 
2 | + | - | + - | 2% 7 | 22 | 15 
i — | 35 23 | 26 17 
i ae oe | - + | 59 39 | 54 36 
4a | + - | - = 1 10 | 12 8 
4b | 4 ~ f= | # ‘4.4 15 | 1 

| | 

The same conditions were used as in the experiment described in Table I. 0.5 

uc. (0.5 umole) of formate or methionine was added to each incubation. 40 mmoles 

of pL-homocysteine were added to each flask containing sodium formate-C'. 

TaBLeE III 

Serine Experiments 

| | Sterols 

Source of C'# | Additions Total 

| activity Per cent 
| xX 10-3 

—— mca dele | 

pL-Serine-3-C | 74 | 4% 
“ | .-Methionine 22 1.5 

si Sodium formate 2.9 1.9 
L-Methionine-methyl-C™ 28.9 19.3 

= DL-Serine 77.0 51.3 

Sodium formate-C" | 3.0 2.0 
” a | pL-Serine 3.0 2.0 

t-Methionine-methyl-C' | 29.4 19.6 
: | pL-Serine 43.0 28.7 
ose | “ + Aminopterin 57.7 38.4 

The usual yeast homogenate was used. 48 hour incubation. 0.5 uc. of C per 
flask. Additions, where indicated, were methionine, 5 mg.; sodium formate, 5 mg.; 

serine, 5 mg.; Aminopterin, 2 mg. 

Incubation with Doubly Labeled Methionine—A mixture of pt-methionine- 

methyl-C“ and pi-methionine-methyl-T, containing 0.72 mc. of C™ per 
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mmole and 2.1 me. of T per mmole, was prepared. The usual yeast homog- 

enate was used in two parallel experiments of five flasks each. After the 

incubation, the contents of the five flasks of each experiment were pooled. 

A total of 100 mg. of carrier ergosterol were added in each experiment and 

the mixtures were hydrolyzed, extracted with ether, and washed with KOH 

as before. The non-saponifiable matter was chromatographed over alu- 

mina, and the ergosterol fractions were further purified through precipita- 

tion with digitonin. The recovered ergosterol was recrystallized to con- 

stant specific activity. Purified ergosterol from each experiment was 

used for the measurement of the T:C* ratio. 

Samples of the doubly labeled methionine and ergosterol were transferred 

to four counter cells each, dissolved in 2 ml. of methanol, and diluted with 

18 ml. of 0.4 per cent solution of 2,5-diphenyloxazole in toluene. The 

TaBLe IV 

Tritium to C Ratios in Methionine and Ergosterol 

T:Cu 

Experiment No. — ——_—_____ 

pt-Methionine | Ergosterol 

1 1.12 + 0.06 0.97 + 0.06 
2 1.12 + 0.06 1.02 + 0.02 

Each experiment consisted of five flasks, each flask containing 4 ml. of yeast ex- 
tract in 1 per cent Tris-HCl buffer (pH 6), 5 mg. of serine, 2 mg. of Aminopterin, 1 
mg. of ATP, and 0.175 mg. of doubly labeled methionine. Incubation time was 48 

hours at room temperature. Radioactivities were assayed on a Packard Tri-Carb 

scintillation counter. The values given are the averages of four samples. For 
details of the isolation and purification of ergosterol, see the text. 

samples were assayed in a Packard Tri-Carb scintillation counter, with 

use of the discriminator ratio method recommended by the Packard In- 

strument Company. The photomultiplier voltage was set at 1020 volts 

which provided the optimal contrast ratio between counts registered in the 

upper and lower channels without appreciable loss in counting efficiency 

in either channel. The discriminator controls were set at 10 to 50 volts 

for the lower channel and 50 to 100 volts for the upper channel. The 

samples were counted and the readings in both channels used in solving 

simultaneous equations to obtain two figures, one for the activity due to 

C* in the upper channel and the other for the activity due to tritium in the 

lower channel. Since absolute activities (decompositions per minute) 

were not necessary to determine whether the ratios of T:C™ in the starting 

material and in the products were the same, no efficiency factors were used 
and only observed counts per minute employed. The results in each series 

were averaged and the ratios of T to C™“ were calculated (Table IV). 
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DISCUSSION 

In aliquots of the same homogenate, methionine is converted into ergo- 
sterol four times more efficiently than formic acid (Table I). Addition of 

non-radioactive methionine suppresses the incorporation of formate-C™ 

into the sterol, while non-radioactive formate barely affects the incorpora- 

tion of methionine-methyl-C“. Homocysteine nearly doubles the incor- 

poration of formate-C™ and addition of folic acid further increases the yield. 

On the other hand, Aminopterin sharply decreases the incorporation of 

formate-C™. 

Formate and homocysteine give methionine in biological systems in the 

presence of folic acid (6), and this fact may account for the increased in- 

corporation of formate in the presence of this vitamin. 

While formate alone does not significantly change the yield from methio- 

nine-methyl-C™, formate and homocysteine decrease it considerably. 

Folic acid strengthens the formate-homocysteine effect. Addition of 

Aminopterin, which prevents the condensation of formate and homo- 

cysteine, reverses the inhibition of the incorporation of C™ from methionine. 
The data recorded in Table II confirm the fact, discernible in Table I, 

that folic acid is essential to formate-C™ incorporation into ergosterol-28- 

C™, but has a deleterious effect on methionine-methyl-C™ conversion to 

the sterol methyl group, and, conversely, that Aminopterin inhibits for- 

mate-C"™ utilization but is beneficial in the case of methionine-methyl-C". 
homocysteine _ ; 

(folic acid) methio- 

nine — ergosterol. The alternative possibility that folic acid may be nec- 

essary for a direct condensation of formate with a Cz; steroid precursor of 

ergosterol fails to account for the beneficial effect of homocysteine. Ami- 

nopterin inhibition of formate but not of methionine proves that formate is 

not an intermediate between methionine and ergosterol. The higher yields 

obtained from methionine-methyl-C™ in the presence of Aminopterin may 

be due to the fact that, by inhibiting oxidation of the methyl group to for- 

mate and CO., Aminopterin insures that a higher percentage of the methyl 

groups is available for transfer to the sterol, and by inhibiting the synthe- 

sis of non-labeled methionine prevents a dilution of the radioactivity. 

The increase in methionine-C™ incorporation in the presence of serine 

proves that the 1-carbon unit derived from serine is not on the pathway 

from methionine to ergosterol. When methionine donates its methyl 

group in sterol synthesis, the homocysteine moiety is liberated. Serine 

and homocysteine are known to combine to cystathionine, which does not 

contribute to the l-carbon unit pool, therefore serine facilitates trans- 

methylation by removing one of the reaction products. These data tend 

to confirm similar findings of Berg (6) and Doctor et al. (7), who found 

cystathionine inactive as 1-carbon donor. 

All these facts point to the sequence: formate 
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The final two experiments represent an attempt to prove that trans- 

methylation has taken place. If 1 tritium atom were lost in the process, 

only 66 per cent of the tritium of methionine would appear in ergosterol. 

In the first experiment 86 per cent, and in the second experiment 91 per 

cent, of the tritium was found in the sterol. 

Because of the possibility of isotope effects (8), these figures alone are 

insufficient to prove definitely that a transfer of an intact methyl group 

has taken place; they support, however, the conclusions reached from the 

series of experiments reported in Tables I and II. Together, this body of 

evidence leaves little doubt that the yeast is capable of a true transmethyla- 

tion to carbon. 

SUMMARY 

1. Formate-C™ incorporation into ergosterol in yeast homogenates is 

inhibited by excess methionine, as well as by Aminopterin, a folic acid 

antagonist. It is stimulated by the addition of homocysteine and folic 

acid. 

2. The incorporation of methionine-methyl-C™ is not affected by for- 

mate alone but is inhibited by formate, homocysteine, and folic acid. This 
inhibition is reversed by Aminopterin. 

3. The incorporation of methionine-metlhyl-C" is stimulated by Aminop- 

terin and serine. 

4. A mixture of methionine-methyl-C™ and methionine-methyl-T and 

the ergosterol resulting from it have the same T:C" ratios. 

5. These observations strongly support the conclusion that a hitherto 

unknown transmethylation has been found, namely the transfer of an in- 

tact methyl group from sulfur to carbon. 

BIBLIOGRAPHY 

. Alexander, G. J., Gold, A. M., and Schwenk, E., J. Biol. Chem., 232, 599 (1958). 

. Danielson, H., and Bloch, K., J. Am. Chem. Soc., 79, 500 (1957). 

. Alexander, G. J., and Schwenk, E., J. Am. Chem. Soc., 79, 4554 (1957). 

. Alexander, G. J., Science, 126, 1065 (1957). 

. Doctor, V. M., J. Biol. Chem., 222, 959 (1956). 

. Berg, P., J. Biol. Chem., 205, 145 (1953). Nakao, A., and Greenberg, D. M., 

J. Am. Chem. Soc., T7, 6716 (1955). Lowy, B. A., Brown, G. B., and Rachele, 

J.R., J. Biol. Chem., 220, 325 (1956). 
7. Doctor, V. M., Patton, T. L., and Awapara, J., Arch. Biochem. and Biophys., 61, 

404 (1957). 
8. du Vigneaud, V., Rachele, J. R., and White, A. M., J. Am. Chem. Soc., 78, 5131 

(1956). 

aon rk WN 

Ma 

pteric 

diphe 

Danie 

pounc 

which 

furthe 

arabi 

requil 

the p 

et al. 

per ce 

week 

no he 

tions 

by Pt 

the i 

2,4-d 

These 

citrov 

and 0 

6,7-d 

vorun 

tion ¢ 

Spi 

2,4,7 

activi 

numb 

°T 
tional 
land. 

by Dr 
Comp: 
of Dr. 



STUDIES ON THE INHIBITORY NATURE OF PTERIDINES* 

By V. M. DOCTOR 

(From the Section of Experimental Medicine of the Department of Medicine, 
The University of Texas, M. D. Anderson Hospital and 

Tumor Institute, Houston, Tezas) 

(Received for publication, December 17, 1957) 

Mallette and coworkers (1) were the first to synthesize 2 ,4-diamino- 

pteridine and four derivatives of this type, namely the 6,7-dimethyl, 

diphenyl, phenanthro, and acenaphtho compounds. Daniel et al. (2) and 

Daniel and Norris (3) reported strong inhibitory properties of these com- 

pounds for the growth of Streptococcus faecalis and Lactobacillus casei 
which require preformed pteroylglutamic acid (PGA). These workers 

further reported that the pteridines also inhibit the growth of Lactobacillus 

arabinosus, Staphylococcus aureus, and Escherichia coli, which do not 

require preformed PGA (2, 3). The hematologic effect in rats of some of 

the pteridines synthesized by Mallette et al. (1) is reported by Swendseid 

et al. (4), who fed 2,4-diamino-6,7-diphenylpteridine to rats at 50 mg. 

per cent and noted leucopenia without any reduction in hemoglobin in a 2 

week test period. The other pteridines, when fed at the above level, had 

no hematologic effect. Growth inhibition of L. casei by low concentra- 

tions of 2,4-diamino-6 ,7-dimethylpteridine is competitively antagonized 

by PGA, but at high concentrations of the pteridine PGA fails to reverse 

the inhibition (5). Campbell e¢ al. (6, 7) have synthesized about 70 

2,4-diaminopteridines with various substitutions in the 6 and 7 positions. 

These pteridines are reported (8) to inhibit the growth of Leuconostoc 

citrovorum, S. faecalis, Streptococcus pyogenes, S. aureus, Vibrio cholerae, 

and others. The inhibition of L. citrovorum at low concentrations of the 

6,7-diisopropyl-2 ,4-diaminopteridine is competitively reversed by citro- 

vorum factor (CF), but at high concentrations of the pteridine the inhibi- 

tion ceases to be competitive and becomes irreversible by CF (9). 

Spickett and Timmis (10) have reported the synthesis of a number of 

2,4,7-triamino-6-arylpteridines, some of which showed antifolic acid 

activity. Continuing this work, Osdene and Timmis (11, 12) prepared a 

number of related pteridines which carry functional groups in the 6 position 

*This work was supported by grants from the National Cancer Institute, Na- 
tional Institutes of Health, United States Public Health Service, Bethesda, Mary- 

land. Leucovorin (Lederle), folic acid, and Aminopterin were generously supplied 

by Dr. H. P. Broquist of the Lederle Laboratories Division, American Cyanamid 
Company, Pearl River, New York. Pteridines were obtained through the courtesy 

of Dr. T. S. Osdene of the Department of Biochemistry at this institution. 
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618 INHIBITORY NATURE OF PTERIDINES 

and also examples of some allied ring systems (13). The present work 

concerns the study of the inhibitory properties of some of these and four 

new pteridines in various biological systems. 

EXPERIMENTAL 

The pteridines used in the present studies have the accompanying basic 

structures. 

1 
N 

pteridine 

N 
N78 IS 1 

7 | 2 

le 10 az 
NZ NA 

5 
N 

4,5,7,9,10-penta-aza -1,2-benzanthracene 

Effect of 2 ,4-Diaminopteridines and 4 ,7-Diaminopteridines on Conversion 

of PGA to CF by Chick Liver Supernatant Solution—Straight run (New 

Hampshire males with single comb white Leghorn females) cross-bred 

chicks of 10 to 12 weeks of age were used for the source of liver throughout 

the experiments. The diet used consisted of Purina Startena (Ralston 

Purina Company), supplemented by 10 mg. of PGA and 30 y of vitamin 

Biz per kilo of diet. The chick liver supernatant solutions were prepared 

in the following manner: 20 per cent homogenates of chick liver were made 

in 0.08 m sodium potassium phosphate buffer, pH 6.6, with a Waring 

blendor. An aliquot of the homogenate was centrifuged for 10 minutes 

at 13,000 X g and the clear portion of the supernatant solution was de- 

canted off and made to the volume of the starting homogenate with an 

aliquot of the same buffer. 5 ml. each of the supernatant solution were 

tested for PGA to CF conversion studies as described in Table I. At the 

end of the incubation period, the incubation mixtures were neutralized 

to pH 6.8 and autoclaved for 30 minutes at 120°. After cooling, the 

samples were homogenized in a Waring blendor, made up to volume, 

filtered, and the filtrate was assayed. The CF content of the liver samples 

was ( 

Inc., 

test | 

Effect 
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was determined by using the Bacto-CF assay medium (Difco Laboratories 

Inc., Detroit, Michigan). JL. citrovorum ATCC 8081! was used as the 

test organism, and leucovorin (Lederle) was employed as the standard. 

TABLE I 

Effect of 2,4-Diamino- and 4,7-Diamino-Substituted Pteridines on Conversion of PGA 

to CF by Chick Liver Supernatant Solutions 

Additions | val — 

2,4-Diaminopteridines 

= 

Complete sy om” Ee eR Ne ene Ey <<, ROE on eral hh RRR, eter ser? Og EER Le 57 

- + 2,4-diamino-7-hydroxypteridine-6-carboxylic acid. . 25 

+ - | 23 
“ ‘« + 2,4,7-triaminopteridine-6-carboxylic acid......... 49 

a «« + 2,4,7-triaminopteridine-6-carboxyamide........... 27 

6 o + 2,4,7-triaminopteridine-6-N -methylamide. . ees 15 
" ‘¢ + 2,4,7-triamino-6-o-methylphenylpteridine......... 4 
- sa + 3,6,8-triamino-4,5,7,9, 10-pentaaza-1, 2-benzan- 

III ince rid tans enthis: Sta ane eaetn td AAS eas 4B Nee SS eeu eich 11 
eee OUR: CLOUD: PENI a 6 sia gies hein 0: cnrderrmentnen sdbained sinweaen's 

4,7-Diaminopteridines 

I sostcic's o's sv nb ins VER oUS A ema e asa bane dae sews wie hey 77 
“ + + 4, ee Oo ee eee 80 

“ ‘« + 4,7-diaminopteridine-6-carboxylic acid.......... | 66 

“ ‘¢ + 4,7-diaminopteridine-6-carboxyamide............. 73 

7 ‘« + 4,7-diaminopteridine-6-N-methylamide.......... 68 
ot ™ + 4,7-diamino-2-methylthiopteridine-6-carboxylic 

acid. PE eh ine eee at Pee: ated Ue ee eS ee 82 
Complete sy yet +: 4, 7-diamino -2-methylthiopteridine - 6 - carboxy- 
RNG EE Ss bi2is 5 ohh Reema hl crune.s parks at coat wudbe vw ueled Aeon Been 80 

eg Ce ar 4 

* Complete system: r mil. of liver supernatant solutions in 0.08 m phosphate 

buffer of pH 6.6, along with 5 ml. of the same buffer and aliquots of solutions con- 

taining the following amounts of substances to make a total volume of 11 ml.: 
100 7 of PGA, 10 mg. of serine, 5 mg. of homocysteine, 10 mg. of magnesium chloride, 
and 1 mg. of the pteridines. Flasks were incubated under nitrogen at 37° for 3 

hours and were later autoclaved at 120° for 30 minutes. 

The cultures were incubated for 48 hours at 37° and growth was measured 

by turbidimetric procedure. Since leucovorin has been reported to be 

1 A report by Felton and Niven (14) concerning a taxonomic study on the culture 
L. citrovorum ATCC 8081 suggests that the latter organism is a typical strain of Pedio- 
coccus cerevisiae, as described earlier by Pederson (15). 
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half as active as the CF isolated from a horse liver (16), the microbiological 

assay values are divided by 2 in order to express the results in terms of the 
naturally occurring CF. 

Microbiological Experiments—The inhibitory property of 2,4,7-tri- 

amino-6-o-methylphenylpteridine was studied with S. faecalis R and 

L. citrovorum 8081 as the test organisms. The former was grown on PGA 

assay medium (17) for 18 hours in the presence of different levels of PGA, 

and the L. citrovorum was grown on Bacto-CF assay medium (Difco Labora- 

tories, Inc., Detroit, Michigan) for 48 hours in the presence of different 

levels of leucovorin (Lederle). 

Experiments with Rats—Adult male rats of the Sprague-Dawley strain 

were used in the present experiment. Rats were maintained on a PGA- 

deficient diet (Nutritional Biochemicals Corporation, Cleveland 28, Ohio) 

and the effect of supplementing this diet with Aminopterin, 2 ,4 ,7-triamino- 

6-o-methylphenylpteridine, PGA, and CF on growth and white blood 

count was studied. 

RESULTS AND DISCUSSION 

It is apparent from the results of Table I that addition of 2 ,4-diamino- 

7-hydroxypteridine-6-carboxylic acid inhibits the conversion of PGA to 

CF by 50 per cent. It is interesting to note the different results obtained 

by varying a functional group in the 6 position. 2,4,7-Triaminopteridine 

itself inhibits CF synthesis from 57 to 23 y while the corresponding 6- 

carboxylic acid is without effect. On the other hand, the inhibition by 

6-carboxyamide compares with that of the 6-unsubstituted pteridine, and 

the 6-N-methylamide is even more inhibitory than the 6-carboxyamide. 

The two most effective inhibitors are 2,4,7-triamino-6-0-methylphenyl- 

pteridine and 3,6,8-triamino-4,5,7,9,10-pentaaza-1 ,2-benzanthracene. 

Addition of 1 mg. quantity of each of the 4,7-diaminopteridines tested had 

no significant inhibitory effect. These results suggest that only the deriva- 

tives of condensed pyrimidine system which contain the 2,4-diamino 

moiety in the pyrimidine ring inhibit the enzyme system responsible for the 

conversion of PGA to CF. Since 1 mg. of 2,4,7-triamino-6-o-methyl- 

phenylpteridine completely blocked the enzymatic conversion of 100 
of PGA to CF, it was interesting to study the relationship, if any, between 

the inhibitory effects of this and other structurally related pteridines. 

Studies were conducted to compare the inhibitory effect of 2,4,7-tri- 

amino-6-phenylpteridine and the three methyl-substituted isomers, vz. 

2,4,7-triamino-6-0-methylphenylpteridine, 2,4 ,7-triamino-6-m-methyl- 

phenylpteridine, and 2,4,7-triamino-6-p-methylphenylpteridine. The 

results are presented in Table II. It is apparent from the results that 
2,4,7-triamino-6-o-methylphenylpteridine is the most effective inhibitor. 

In contrast to this, a methyl group in the para position of the phenyl 

ring is « 
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ring is detrimental to the inhibitory property of the pteridine and the meta 

methylphenyl and the unsubstituted phenyl compounds are less inhibi- 

tory than the ortho methylpheny] isomer. 

TABLE II 

Inhibitory Effect of 2,4,7-Triamino-6-phenylpteridines on Conversion of PGA to CF 
by Chick Liver Supernatant Solutions 

Inhibitor Inhibition index* 

2,4,7-Triamino-6-phenylpteridine.................. 0.11 
2,4,7-Triamino-6-o-methylphenylpteridine ...... on 0.04 

2,4,7-Triamino-6-m-methylphenylpteridine......... 0.15 

2,4,7-Triamino-6-p-methylphenylpteridine......... 5.80 

* In each instance varying concentrations of inhibitor were added to the complete 

system (described under Table I) and the amount of CF synthesized from 100 y of 

PGA was measured for each level of the inhibitor. An inhibition curve was then 

plotted from which the point of half maximal inhibition was obtained. The ratio of 

the amount of inhibitor to PGA that will produce half maximal inhibition is defined 

as the inhibition index. 

0.09, 

- 0.08 

10 -, of INHIBITOR 

WITHOUT INHIBITOR 

0 0.005 0.0! 0.015 0.02 

Ko PGA ADDED 

Fic. 1. Inhibition of PGA to CF conversion by 2,4,7-triamino-6-0-methylpheny]l- 

pteridine. The enzyme system was the same as that described under Table I. Quan- 

tities of CF synthesized from various levels of PGA added were measured with or 
without the presence of the pteridine. 

The conversion of PGA to CF under these experimental conditions is 

reported to be inhibited by Aminopterin, 5-substituted 2,4-diamino- 

pyrimidine, and 2 ,6-diaminopurine (18). 

Enzyme kinetic studies were conducted in order to determine whether 

the inhibition of PGA to CF conversion by 2,4,7-triamino-6-o-methyl- 

phenylpteridine is competitive or non-competitive (Fig. 1). The plot of 

the reciprocal of PGA concentrations against the reciprocal of CF synthe- 

Pet). 2 

Wiit wv. 
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sized in the presence and in the absence of the pteridine gives two separate 

straight lines with different slopes and intercepts. According to the 

TaB_e III 

Effect of Pteridines on Conversion of THPGA to CF by Chick 
Liver Supernatant Solutions 

Additions | CF synthesized 
e ' 

| Y per gm. liver 

RN I ote roach is vin rane wrod s Sil msie orale wicca ois = 96 
e sas + 2,4,7-triamino-6-o-methylphenylpteridine...... | 89 

- > + 3,6,8-triamino-4,5,7,9,10-pentaaza-1,2-benzan- | 

IIIB <1 2h 55a el bcs go Sod Sess Vis Pa alice wo. ee Wi aw ete aOR | 80 

* Complete system: 5 ml. of supernatant solutions of liver in 0.08 m phosphate 

buffer, pH 6.6, along with the same buffer and aliquots of solutions containing the 
following substances to make a total volume of 11 ml.: 200 y of THPGA, 5 mg. of 

homocysteine, 10 mg. of serine, 10 mg. of magnesium chloride, 1 mg. of 2,4,7-tri- 
amino-6-o-methylphenylpteridine, and 10 mg. of 3,6,8-triamino-4,5,7,9, 10-penta- 
aza-1,2-benzanthracene. The flasks were incubated under nitrogen at 37° for 3 

hours and were later autoclaved at 120° for 30 minutes. 

TaBLeE IV 

Effect of PGA and 2,4,7-Triamino-6-0-methylphenyl pteridine 

on Growth of S. faecalis R 

PGA | ai ee | Optical density | Inhibition index* 

myugm. mugm. | 

0.0 0.00 | 
0.5 0.16 
1.0 0.37 
1.5 | 0.50 
2.0 0.52 
2.5 0.59 | 
3.0 0.63 | 
3.5 0.65 | 
4.0 0.66 | 
4.0 1,000 0.43 | 315 
4.0 | 2,000 0.17 
4.0 | 5,000 0.02 

40.0 | 2,000 0.56 165 
40.0 5,000 0.41 | 
40.0 10,000 0.22 | 
400.0 10,000 0.33 25 
400.0 25,000 | 0.18 | 
400.0 125,000 | 0.03 | 

| | 

will produce half maximal growth. 
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mathematical formulation of Lineweaver and Burk (19), this would indi- 

cate a non-competitive relationship between PGA and 2,4,7-triamino- 
6-o-methylphenylpteridine for the converting enzyme. 

Since tetrahydropteroylglutamic acid (THPGA) has been postulated as 

the intermediate before formylation in the conversion of PGA to CF (20- 

22), it was of interest to determine whether the conversion of PGA to 

TABLE V 

Effect of CF and 2,4,7-Triamino-6-o-methylphenyl pteridine 
on Growth of L. citrovorum 8081 

CF ae | Optical density | Inhibition indext 

myugm. mugm. 

0.0 0.00 

0.1 0.06 

0.2 0.15 

0.3 0.21 

0.4 0.26 

0.5 0.29 

0.6 0.30 

0.7 0.30 

0.8 0.31 

1.0 0.32 

1.0 1,000 0.28 2400 

1.0 2,500 0.25 

1.0 5,000 0.15 

1.0 7,500 0.10 

10.0 12,500 0.30 2150 
10.0 25,000 0.25 
10.0 37,500 0.17 
10.0 50,000 0.13 
10.0 | 75,000 0.08 

* Since leucovorin (Lederle) is only half as active as the naturally occurring CF, 
2 mugm. of leucovorin were added per millimicrogram of CF. 

t Ratio of the amount of 2,4,7-triamino-6-o-methylphenylpteridine to CF that 
will produce half maximal growth. 

THPGA was inhibited by 2 ,4,7-triamino-6-0-methylphenylpteridine and 
3,6,8-triamino-4 ,5,7,9,10-pentaaza-1,2-benzanthracene in the present 
enzyme system. The results presented in Table III indicate that the 
addition of 1 mg. of 2,4,7-triamino-6-o-methylphenylpteridine or 10 mg. 
of 3,6,8-triamino-4,5,7,9,10-pentaaza-1,2-benzanthracene do not in- 
hibit the conversion of THPGA to CF. Since these two analogues are 
reported in Table I to inhibit significantly the conversion of PGA to CF, 
the results would suggest that the analogues may inhibit the conversion 
of PGA to THPGA. 
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The data on the inhibition of S. faecalis R by 2,4,7-triamino-6-. 

methylphenylpteridine and its reversal by different levels of PGA are 

summarized in Table IV. The fact that increasing amounts of the PGA 

can reverse the effect of higher levels of the analogue suggests that the 

analogue may be affecting some enzyme system which is directly concerned 

in the metabolism of PGA. It is also interesting to note that the inhibition 

is not truly of a competitive nature as shown by the inconstancy of the 

inhibition index. The data in Table V suggest that the growth of L, 

citrovorum 8081 is inhibited by 2,4,7-triamino-6-0-methylphenylpteridine 

TaBLe VI 

Effect of 2,4,7-Triamino-6-0-methylphenylpteridine, Aminopterin, PGA, and CF on 
Growth and White Blood Count of Rats 

; ' ” Average white blood count,f cells per 
C) A ht 
Z Supplement to basal diet,* given saseetiitedin c.mm. X 10° 
& intraperitoneally per day per rat 

& Initial 4 wks. Initial 1 wk. 4 wks. 

gm. gm. 

1 | None 268 (8) | 330 (8) | 16.4 (8) | 16.6 (8) | 18.3 (8) 

2 | 25 y Aminopterin 264 (8) 16.4 (8) | 11.2 (8) 

3 5 mg. 2,4,7-triamino-6-0- | 261 (8) | 304 (7) | 21.0 (8) | 17.1 (8) | 12.5 (7) 

methylphenylpteridine 

4 | 5 mg. 2,4,7-triamino-6-o0- | 261 (8) | 311 (7) | 19.2 (7) | 14.4 (7) | 21.5 (7) 
methylphenylpteridine 
plus 200 y PGA 

methylphenylpteridine 
| plus 100 y CF 

* Rats were fed a folic acid-deficient diet (Nutritional Biochemicals Corporation, 

Cleveland 28, Ohio). 
+ The figures in parentheses indicate the number of rats alive. 

and that CF reverses the inhibitory effect of the analogue in a competitive 

manner. Derivatives of 2,4-diaminopteridine are reported (2, 3) to 

inhibit the growth of S. faecalis and L. caset which require PGA, and also 

the growth of L. arabinosus, S. aureus, and E. coli, which do not require 

PGA. The growth of L. citrovorum is inhibited by 6,7-diisopropyl-2,4+ 

aminopteridine and the inhibition is reversed by CF only at low concentra- 

tions of the analogue (9). The inhibitory effect of Aminopterin on the 

growth of S. faecalis is reported to be reversed non-competitively by PGA 

(23) while CF competitively reverses the Aminopterin inhibition of L. 

citrovorum (24). 

Studies on the effect of 2,4,7-triamino-6-o-methylphenylpteridine on 

white blood count and growth of rats are described in Table VI. The 

5 | 5 mg. 2,4,7-triamino-6-o- | 263 (8) | 311 (8) | 19.7 (8) | 19.9 (8) | 23.3 @) 
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animals in Group 2 were leucopenic at the end of the Ist week. This was 

followed by loss of appetite, diarrhea, hemorrhage around the eyelids, and 

death before the end of the 2nd week. Daily administration of 5 mg. of 

2,4,7-triamino-6-o-methylphenylpteridine per rat (Group 3) for a period 

of 1 month produces leucopenia without loss in weight or other toxic effects. 

One rat in this group died at the end of the 3rd week with a white blood 

count of 5.7 thousand cells per ec.mm. The results of white blood counts 

in rats of Group 4 indicate an initial drop from 19.2 to 14.4 thousand cells 

per c.mm. at the end of the Ist week, which is reversed at the end of 4 

weeks, at which time the white blood count is 21.5 thousand cells per c.mm. 

It is apparent from the results that CF (Group 5) effectively reverses the 

leucopenic effect of the analogue throughout the experiment and that 

PGA reverses but slowly. 

SUMMARY 

Several 2,4,7-triaminopteridines significantly inhibit the enzymatic 

conversion of pteroylglutamic acid (PGA) to citrovorum factor (CF) by 

chick liver supernatant solutions, while all the 4,7-diaminopteridines 

tested were without effect. The most effective inhibitor among the pteri- 

dines tested was 2,4,7-triamino-6-o-methylphenylpteridine. Enzyme 

kinetic studies indicate a non-competitive relationship between PGA and 

the above analogue for the converting enzyme. Since the analogue did 

not inhibit the conversion of tetrahydropteroylglutamic acid (THPGA) to 

CF, it may interfere with the reduction of PGA to THPGA. 

2,4,7-Triamino-6-o-methylphenylpteridine inhibits the growth of 

Streptococcus faecalis and Leuconostoc citrovorum 8081. The inhibitory 

effect of the analogue on the growth of the former organism is reversed 

non-competitively by PGA while CF reverses the inhibition of the latter 

organism in a competitive manner. 

Daily administration of 5 mg. of 2,4,7-triamino-6-o-methylphenyl- 

pteridine to rats for a 1 month period causes leucopenia, which is reversed 

by the simultaneous administration of 200 y of PGA per day or 100 y of 

CF per day. 

The author is indebted to Dr. Tad Patton for preparing tetrahydro- 

pteroylglutamic acid and to Dr. T. 8. Osdene for preparing 2 ,4,7-tri- 

amino-6-phenylpteridine and the three methyl substituted isomers used 

in the present study. Technical assistance of Mrs. Peggy Dixon and Mr. 

William B. Kitzman is gratefully acknowledged. 

BIBLIOGRAPHY 

1. Mallette, M. F., Taylor, E. C., Jr., and Cain, C. K., J. Am. Chem. Soc., 69, 1814 

(1947). 



. 

2 

; 
- 

4 bY 
= 

eet 

wae tt tee 8 

tu 

INHIBITORY NATURE OF PTERIDINES 

. Daniel, L. J., Norris, L. C., Scott, M. L., and Heuser, G. F., J. Biol. Chem., 169, 
689 (1947). 

. Daniel, L. J., and Norris, L. C., J. Biol. Chem., 170, 747 (1947). 

. Swendseid, M. E., Wittle, E. L., Moersch, G. W., Bird, O. D., and Brown, R. A, 
J. Biol. Chem., 179, 1175 (1949). 

. Elion, G. B., and Hitchings, G. H., J. Biol. Chem., 188, 611 (1951). 

. Campbell, N. R., Dunsmuir, J. H., and Fitzgerald, M. E. H., J. Chem. Soc., 2743 
(1950). 

. Campbell, N. R., Collier, H. O. J., Dunsmuir, J. H., and Fitzgerald, M. E. H., 
British patent 666,788 (1952). 

. Collier, H. O. J., Ciba Foundation symposium on chemistry and biology of 
pteridines, Boston, 272 (1954). 

. Collier, H. O. J., and Phillips, M., Nature, 174, 180 (1954). 

. Spickett, R. G. W., and Timmis, G. M., J. Chem. Soc., 2287 (1954). 

. Osdene, T. S., and Timmis, G. M., J. Chem. Soc., 2036 (1955). 

. Osdene, T. S., and Timmis, G. M., J. Chem. Soc., 2038 (1955). 

. Osdene, T. S., and Timmis, G. M., J. Chem. Soc., 2214 (1955). 

. Felton, E. A., and Niven, C. F., J. Bact., 65, 482 (1953). 

. Pederson, C. E., Bact. Rev., 18, 225 (1949). 

. Keresztesy, J. C., and Silverman, M., J. Am. Chem. Soc., 78, 5510 (1951). 

. Lepper, H. A., Official methods of analysis, Association of Official Agricultural 
Chemists, Washington, D. C., 7th edition, 784 (1950). 

. Doctor, V. M., J. Biol. Chem., 222, 959 (1956). 

. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

. Blakley, R. L., Biochem. J., 58, 448 (1954). 
21. 

22. 

. Oleson, J. J., Hitchings, B. L., and Subbarow, Y., J. Biol. Chem., 175, 359 (1948). 

24. 

Greenberg, G. R., Federation Proc., 18, 745 (1954). 

Futterman, 8., J. Biol. Chem., 228, 1031 (1957). 

Broquist, H. P., Stokstad, E. L. R. and Jukes, T. H., J. Biol. Chem., 186, 399 

(1950): 

In : 

of chi 

uridin 

of chi’ 

the bi 

(3) th 

produ 

report 

A, xy 

triphe 

Evide 

in the 

uridin 

Ma 

unifor 

phosp 

salt (1 

with 

as the 
Cc. 

phate 

both | 

purifie 

ws 

ported 

States 

t Re 
1Th 

cose |] 

minete 

2 Isc 

*Ki 



8). 

399 

—— 

THE SYNTHESIS OF CELLULOSE IN CELL-FREE 

EXTRACTS OF ACETOBACTER XYLINUM* 

By LUIS GLASER{ 

(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missouri) 

(Received for publication, December 23, 1957) 

In a previous publication (2) evidence was presented that the synthesis 

of chitin in Neurospora crassa occurs by way of a glycosyl transfer from 

uridine diphosphate-N-acetylglucosamine. The similarity of the structure 

of chitin and cellulose suggested that a like mechanism may be operative in 

the biosynthesis of cellulose. It has been shown by Hestrin and Schramm 

(3) that non-viable lyophilized preparations of Acetobacter xylinum will 

produce cellulose from glucose in the presence of oxygen. While the work 

reported here was in progress, the preparation of a cell-free extract of 

A. zylinum capable of synthesizing cellulose from glucose and adenosine 

triphosphate was reported by Colvin (4) and also by Greathouse (5). 

Evidence will be presented in this communication that the glycosyl donor 

in the synthesis of cellulose by a cell-free preparation of A. xylinum is 

uridine diphosphoglucose.' 

EXPERIMENTAL 

Materials and Methods—C*-Glucose 6-phosphate was prepared from 

uniformly labeled C'*-glucose? with yeast hexokinase and adenosine tri- 

phosphate (Sigma Chemical Company) and crystallized as the barium 

salt (6). C'-Glucose 1-phosphate was prepared from C-labeled starch 

with muscle phosphorylase and amylo-1 ,6-glucosidase*® and crystallized 

as the K salt (7). 

C*-UDPG was prepared from glucose 6-phosphate and uridine triphos- 

phate (Sigma Chemical Company) with a crude yeast enzyme containing 

both phosphoglucomutase and UDPG-pyrophosphorylase (8, 9). It was 

purified by chromatography on Dowex 1 formate, essentially by the pro- 

* This work, on which a preliminary report has been published (1), has been sup- 
ported by a grant (No. RG-4761) from the National Institutes of Health, United 

States Public Health Service. 

t Research Fellow of the Helen Hay Whitney Foundation. 
1The following abbreviations are used: uridine diphosphoglucose, UDPG; glu- 

cose 1-phosphate, G-1-P; tris(hydroxymethyl)aminomethane, Tris; ethylenedia- 

minetetraacetic acid, EDTA; uridine diphosphate, UDP. 

* Isotopes obtained on allocation from the Atomic Energy Commission. 
* Kindly made available by Dr. B. Illingworth. 
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628 CELLULOSE SYNTHESIS IN A. XYLINUM 

cedure of Hurlbert et al. (10), followed by adsorption on charcoal and 
elution with 50 per cent ethanol-1 per cent NH,OH (v/v). The radio- 

active UDPG was diluted to the desired specific activity with UDPG 

obtained from the Sigma Chemical Company. 

A high molecular weight, mixed cellodextrin fraction was prepared by 

the procedure of Zechmeister and Toth (11) and corresponds to the water- 

soluble Fractions A and B of these authors. 

A partially purified cellulase from Aspergillus niger was prepared from 

commercial cellulase (Nutritional Biochemicals Corporation) which con- 

verted cellodextrins to glucose; it still retained significant maltase activity, 

Purified cellulase from Myrothecitum verrucaria was a gift from Dr. D, 

R. Whitaker. The enzyme was free from maltase activity, and hydrolyzed 

cellodextrins to a mixture of glucose and cellobiose; cellobiose was hy- 

drolyzed very slowly by this enzyme (12, 13). 

A. xylinum, ATCC 10821, was grown and freed from cellulose as de- 

scribed by Hestrin and Schramm (3). 6 to 8 ml. of packed cells were 

suspended in 25 ml. of 0.05 m Tris-0.01 m MgCl.-0.001 m EDTA, 

pH 7.5, and ruptured by treatment for 30 minutes in a 9 ke. Raytheon 

magnetostriction oscillator. The cell debris was removed by centrifuga- 

tion at 15,000 X g for 12 minutes and the turbid supernatant fluid was 

centrifuged at 140,000 < g for 1 hour. The pellet was resuspended in 

the same buffer with a TenBroeck homogenizer and recentrifuged. The 

resulting pellet was suspended in 8 ml. of buffer and could be kept frozen 

for several weeks without loss in activity. 

For enzymatic assay the enzyme was incubated as indicated for the 

individual experiments: 10 mg. of cellulose powder (Whatman) were added 

at the end of the incubation and the reaction was stopped by heating at 

100° for 5 minutes. After cooling, the tubes were centrifuged at 2000 x g 

and the precipitate of denatured protein and cellulose was washed with 2 

ml. of water by centrifugation. 

The precipitate was then suspended in 2 ml. of 1 per cent NaOH (identi- 

cal results were obtained when 4 per cent NaOH was used) and heated at 

100° for 5 minutes, cooled, and diluted to 5 ml. The insoluble cellulose 

was collected by centrifugation and washed three times with 2 ml. of water. 

Radioactivity was determined in suitable aliquots in a proportional gas 

flow counter (Nuclear Instrument and Chemical Corporation). The results 

were reproducible within 10 per cent between duplicate incubation mixtures. 

Enzymatic Synthesis of Cellulose from UDPG—Incubation of the par- 

ticulate fraction of A. xzylinum with C“-UDPG and cellodextrins gave 

rise to a radioactive, water-insoluble, alkali-insoluble material (Table I). 

Neither C'*-G-1-P nor C"*-glucose could substitute for UDPG in this sys- 

4 Glaser, L., unpublished procedure. 
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tem. No radioactivity was present in the unincubated controls. Table 

II shows that the radioactivity in the cellulose was not decreased by the 

TABLE I 

Enzymatic Synthesis of Cellulose from UDPG 

The reaction mixtures contained 12 mg. of cellodextrins, 80 umoles of Tris, 7 

umoles of MgClo, 0.7 umole of EDTA, 0.7 ml. of enzyme, and radioactive substrate 

as indicated, in a final volume of 1.8 ml.; pH 8.2; 28°. The data below have been 
published previously (1). 

Radioactive substrate Time of incubation C* in cellulose 

TC ih on pan 7 | c.p.m. | any a | =  eba. _ 

UDPG........| 3.5 83,500 | 0 | 6.2 
te ee 3.5 83, 500 | 120 1220 

Sere 5.1 87, 500 120 22 

Glucose. ...... 7.1 | 78,000 | 120 0 

TABLE II 

Effect of Addition of Various Sugars on Cellulose Synthesis 

The reaction mixtures contained 12 mg. of cellodextrins, 80 umoles of Tris, 7 

pymoles of MgClo, 0.7 umole of EDTA, and 0.7 ml. of enzyme in a final volume of 1.8 

ml.; pH 8.2; 28°. In Experiments A, B, and C, the reaction mixture contained 4.1 

umoles of C4-UDPG (40,000 c.p.m. per umole); in Experiment D, 6 umoles of C'- 

UDPG (14,000 c.p.m. per umole). Different enzyme preparations were used in 
Experiments A, B, C, and D. 

Experiment No. | Additions | Time of incubation C™ in cellulose 

min. c.p.m. 

A | None | 0 6 

“ 120 300 
Maltose, 4 umoles 120 324 

Sucrose, 4 se | 120 294 
B | None | 120 | 336 

Cellobiose, 4 umoles 120 390 

Cc None 120 765 

Glucose, 4 umoles 120 714 

D None 120 402 

Trehalose, 4 umoles 120 383 

presence in the reaction mixtures of unlabeled glucose, maltose, sucrose, 

cellobiose, or trehalose. 

To identify this material, a large scale incubation similar to that in 

Table I was carried out, and the isolated material (25 mg., 4450 ¢.p.m.) 

was partially hydrolyzed by being dissolved in HCl saturated at 0° and 

by allowing the solution to stand for 4 hours at 20°. The HCl was removed 
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by repeated evaporation under reduced pressure. The material was finally 

suspended in water and the remaining insoluble material discarded. 2759 
¢.p.m. were recovered in the soluble fraction. 

Descending paper chromatography of this solution on Whatman No. 1 

paper, with butanol-pyridine-water (6:4:3) (14) as the solvent, revealed, 

after elution, radioactive materials with the mobility of glucose and cello- 

cellotetraose A 
cellotriose glucose 

cellobiose 
100 | 

glucose C 

300 f 

cellobiose 
100 F 

0 ‘ 

0 O02 04 06 O08 lO l2 

R GLUCOSE 
Fic. 1. Paper chromatogram of partial acid digest of C'*-cellulose. The details 

are given in the text. Cross-hatched areas show the position of known standards 
revealed by benzidine-trichloroacetic acid spray for reducing substances (15). In 

Chromatograms A and C the glucose had moved 32 cm. from the origin; in Chromato- 
gram B, 38 cm. 

biose and slower moving materials occupying the position of cellotriose and 

cellotetraose and higher molecular weight compounds (Fig. 1, A). Pooled 

eluates of the cellobiose region were crystallized (16) after the addition 

of cellobiose carrier. The data in Table III show that the radioactivity 

remained essentially constant after four crystallizations. 

The partial acid digest was digested further with A. niger cellulase. 

After chromatography, the only radioactive material had the mobility of 

glucose (Fig. 1, B). 
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When the partial acid digest was treated with M. verrucaria cellulase 

and chromatographed (Fig. 1, C), only two radioactive areas, those cor- 

responding to glucose and cellobiose, remained, which is consistent 

with the observation (13) that this enzyme will split cellobiose at only a 

very slow rate. 

These data are consistent with the assumption that the radioactive 

material is present in a glucose polymer having 8-1 ,4 linkages, which is the 

basic structure of cellulose. The chain length of the polymer is unknown. 

Properties of Enzyme—The enzyme was routinely assayed at pH 8.3, 

the rate of the reaction decreasing at a lower pH. At pH 7.5, the rate is 

39 per cent of that at pH 8.3, and at pH 6.5 it is 13 per cent of the former 

rate. The enzyme was not tested under more alkaline conditions because 

of the instability of UDPG (17). Although no dependence on Mg** could 

be demonstrated, this divalent ion was added to all the incubation mixtures. 

TaBLeE III 

Crystallization of Cellobiose 

For the details, see the text. 

Total cellobiose 
Crystallization No. crystallized | Cellobiose counted C¥ in cellobiose 

mg. | mg. c.p.m. per mg. 

1 7.5 | 0.75 36 

2 5.25 | 1.05 44.0 
3 3.5 | 1.20 35 

4 1.8 0.75 45.4 

The effect on cellulose synthesis of varying the time of incubation, the 

enzyme concentration, and the UDPG concentration is shown in Figs. 2, 

3, and 4, respectively. 

The synthesis of cellulose is stimulated by the addition of cellodextrins 

to the reaction mixture (Fig. 5). With different preparations the stimu- 

lation varies between 5- and 20-fold. A cellodextrin solution containing 

80 mg. per ml. was further fractionated with ethanol. The fractions pre- 

cipitating between 0 and 30 per cent ethanol (I) and 30 and 70 per cent 

alcohol (II) were tested in the enzyme system (Fig. 5, B). Fraction I, 

which contains cellodextrins of a higher molecular weight, shows higher 

activity per unit weight. By analogy with muscle phosphorylase (18) 

and chitin synthetase (2), the cellodextrin stimulation may be the result of 

a primer action, and the variable rates observed in the absence of added 

primer may be due to the presence of cellodextrins in the enzyme prepara- 

tion. 

To establish primer dependence, the enzyme suspension was incubated 

with M. verrucaria cellulase (0.2 mg. per ml. for 30 minutes at pH 7.5). 
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Fic. 2. Cellulose synthesis as a function of time. The reaction mixture con- 

tained 12 mg. of cellodextrins, 4.1 umoles of C'*-UDPG (40,500 c.p.m. per umole), 70 

umoles of Tris, 6 umoles of MgCle, 0.6 umole of EDTA, and 0.6 ml. of enzyme ina 

final volume of 1.7 ml.; pH 8.3; 29°. 

Fig. 3. Cellulose synthesis as a function of enzyme concentration. The reaction 
mixture contained 12 mg. of cellodextrins, 80 umoles of Tris, 8 umoles of MgCl, 0.8 

umole of EDTA, and 7.2 umoles of C¥*-UDPG (15,800 c.p.m. per umole) in a final 

volume of 2 ml.; pH 8.3. Incubation was for 2 hours at 29°. 

0.10 F 

0,08 | 

0.06 f 

Bb MOLES GLUCOSE INCORPORATED 

INTO CELLULOSE 

0,02 F 

0 ‘ “ . 1 , . 
eo. 

UDPG ({AMOLES/ML.) 
Fic. 4. Cellulose synthesis as a function of UDPG concentration. The reaction 

mixture contained 12 mg. of cellodextrins, 90 umoles of Tris, 6 umoles of MgCls, 0.6 

zumole of EDTA, 0.6 ml. of enzyme, and UDPG as indicated (23,500 c.p.m. per smole) 

in a final volume of 2.3 ml.; pH 8.3. Incubation was for 2 hours at 29°. 

The cellulose-synthesizing enzyme was then reisolated by centrifugation 

at 140,000 x g for 1 hour, suspended in 0.05 m Tris-0.01 m MgCl.-0.001 
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m EDTA, pH 7.5, and assayed. The data in Table IV indicate that treat- 

ment of the enzyme with cellulase essentially abolished the activity in the 

absence of added primer. Thus in Experiment B, before cellulase treat- 

ment, the ratio of activities in the presence and the absence of cellodextrins 

was 5.9:1; after cellulase treatment this ratio became 48:1. 

While the dependence of cellulose synthesis on the presence of soluble 

primer suggested that a net synthesis of cellulose rather than an exchange 

A 
2000 } 400 | 

= = 
: a 

Y 1500 Y 300 

B 2 
an 

3 5 
zi 1000 zj 200 F 
1s) VY 

= z= 

. ¢ 
© 500} 2 100} 

® 

0 a ical 
Ss 248 & «= . 22 =e 

CELLODEXTRIN FRACTION ADDED (mg./ml.) 

Fic. 5. Cellulose synthesis as a function of cellodextrin concentration. The 

reaction mixture contained the following. A, cellodextrins as indicated, 80 umoles 

of Tris, 6 umoles of MgClo, 0.6 umole of EDTA, 3.5 umoles of C'*-UDPG (20,000 c.p.m. 

per umole), and 0.6 ml. of enzyme in a final volume of 1.8 ml.; pH 8.3. Incubation 

was for 2 hours at 29°. B, cellodextrins as indicated, 75 wmoles of Tris, 5 umoles of 

MgCle, 0.5 umole of EDTA, 4.1 wmoles of C4-UDPG (40,000 c.p.m. per umole), and 

0.5 ml. of enzyme in a final volume of 1.6 ml.; pH 8.3. Incubation for 2 hours at 
29°. @, cellodextrin Fraction I; O, cellodextrin Fraction II. Different enzyme 

preparations were used in A and B. The details are given in the text. 

reaction was taking place, the following experiments were carried out to 

test this hypothesis (Table V). The enzyme was incubated with cello- 

dextrins and C“-UDPG. After incubation for 1 hour, the enzyme and 

the cellulose formed were isolated by centrifugation and washed, and 

various aliquots were reincubated as indicated in Table V. Experiment 

D shows that the enzyme still retained activity, and in Experiments B and 

C, the radioactivity in the cellulose was not decreased by incubation 

with non-radioactive UDPG, in the presence or the absence of primer. 

Experiment E shows that the radioactivity in the cellulose was unaffected 

by incubation with UDP. 

Some soluble cellodextrins are also formed during the enzymatic syn- 
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thesis of insoluble cellulose. If, after deproteinization, the supernatant 

fluid is freed from C'*-UDPG and other ionic material by passage through 

an Amberlite MB-2 resin column (2) and then digested with M. verrucaria 

TaBLe IV 

Cellodeztrin Stimulation in Cellulase-Treated Enzyme 

The reaction mixtures contained 80 umoles of Tris, 8 umoles of MgCle, 0.8 umole 

of EDTA, 7 umoles of C'*-UDPG (12,400 c.p.m. per umole), and 0.8 ml. of enzyme in 

a final volume of 1.9 ml.; pH 8.3. Incubation was for 2 hours at 29°. Different en- 
zyme preparations were used in Experiments A and B. 

C% in cellulose 

Experiment No. |  Cellodextrins added = |—— a cee ee 

Original enzyme Cellulase-treated enzyme 

‘ * we OT: | lm! | i. 
A | 0 | 123 | 21 

12 | 194 168 
B 0 192 22.5 

12 1140 1008 
‘SS Ae ae LD ree eee | a 

TABLE V 

Non-Exchange of Glucose between UDPG and Insoluble Cellulose 

The initial reaction mixture contained 80 mg. of cellodextrins, 30 umoles of C"- 

UDPG (30,000 c.p.m. per umole), 500 wmoles of Tris, 45 umoles of MgCle, 4.5 umoles 

of EDTA, and 4.5 ml. of enzyme in a final volume of 12.5 ml.; pH 8.3. Incubation 

was for 1 hour at 29°. After incubation, the solution was centrifuged for 1 hour at 

140,000 X g. The pellet was washed by centrifugation with 0.05 m Tris-0.01 m 
MgCl.-0.001 m EDTA, pH 7.5, and finally suspended with a TenBroeck homogenizer 

in 6 ml. of the same buffer and used in the second incubation, which contained 

UDPG and cellodextrins as indicated, 120 uwmoles of Tris, 12 wumoles of MgCle, 1.2 
umoles of EDTA, and 1.2 ml. of the enzyme in a final volume of 2.1 ml.; pH 8.3; 29°. 

es Additions | Time of | C1 in cellulose 

| min, | chm 
A RITE TIO COPEL | 0 168 
B 4 cat RS Se ee reer re 120 175 

Cc « 4 “ 46mg. cellodextrins....... | 120 219 
D C4-UDPG, 4.1 umoles (30,500 ¢.p.m. per 

umole) + 6 mg. cellodextrins............... 120 1004 

E Ee I ane i iicccks weple<enaedsoescees | 120 | 225 

cellulase, an increase in the amount of radioactive glucose is observed. 

Thus, in a typical large scale experiment, the glucose area on a paper 

chromatogram of the deionized supernatant fluid contained 345 c.p.m. 

before digestion with cellulase, presumably because of the breakdown of 

some UDPG during incubation. After cellulase digestion the glucose 

area on a paper chromatogram contained 2580 c.p.m. From the same 
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incubation mixture insoluble cellulose containing 4400 c.p.m. was isolated. 

The analysis of the supernatant fluid after deproteinization and deioniza- 

tion is somewhat complicated by the presence of a radioactive material 

with a mobility on paper similar to that of cellobiose. This compound is 

not digested with J/. verrucaria cellulase, and after addition of cellobiose 

carrier does not crystallize with it. Its mobility on paper is different from 

that of maltose, sucrose, or melibiose, but similar to that of trehalose. 

Incubation of this compound with the enzyme in the presence or absence 

of UDPG or cellodextrins does not yield any radioactive cellulose in the 

usual assay system. 

DISCUSSION 

The data presented are consistent with a mechanism of cellulose synthe- 
sis by A. xylinum similar to the one previously described for chitin (2): 

UDPG + (glucose), — UDP + (glucose), 4 1 

The reversibility of this reaction has not been demonstrated. 

It is of interest that the enzyme synthesizing UDPG from uridine tri- 

phosphate and G-1-P (8) could be demonstrated in the supernatant fluid 

after centrifugation of the sonic extract at 140,000 x g. 

Several attempts have been made to render soluble the enzyme catalyzing 

the synthesis of cellulose. Treatment with n-butanol or preparation of 

an acetone powder proved to be ineffective. Part of the activity could be 

obtained as a soluble system by extraction with 2 per cent digitonin in 

0.05 m Tris-0.01 m MgCl.-0.001 m EDTA, pH 7.5. Treatment with pan- 

ereatic lipase® (19) in the presence of digitonin and trypsin inhibitor gave 

rise to an active preparation which could not be sedimented by centrif- 

ugation at 140,000 X g for 1 hour. This enzyme, however, was extremely 

labile. It lost 30 per cent of the activity in 48 hours at —20° and did not 

withstand ammonium sulfate fractionation or dialysis. 

The possibility that more than one enzyme is involved in cellulose 

synthesis in this system cannot at present be excluded. It has been 

suggested that the formation of cellulose fibrils may be caused by the action 

of extracellular enzymes (20, 21) which act on short chain cellodextrins 

produced by the cell, perhaps by transglycosidation. We have tested 

the addition of culture fluid, after removal of the cells and cellulose pellicle, 

to the assay system; no increase in the formation of insoluble cellulose was 

observed. 

SUMMARY 

A particulate enzyme preparation obtained from sonic extracts of 

Acetobacter xylinum is described which catalyzes the synthesis of cellulose 

’ We are grateful to Dr. R. K. Crane for this preparation. 
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from uridine diphosphoglucose in the presence of soluble cellodextrins, 
Some properties of the enzyme are discussed. 

The author is indebted to Dr. D. H. Brown for many valuable sug- 

gestions. A gift of purified Myrothecium verrucaria cellulase from Dr. D. R. 

Whitaker is gratefully acknowledged. 
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BIOSYNTHESIS OF COLLAGEN 

Ill. THE DIRECT ACTION OF ASCORBIC ACID ON HYDROXYPROLINE 
AND COLLAGEN FORMATION IN SUBCUTANEOUS POLYVINYL 

SPONGE IMPLANTS IN GUINEA PIGS* 

By BERNARD 8. GOULD 

(From the Division of Biochemistry, Department of Biology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts) 

(Received for publication, January 2, 1958) 

Little is known about the biochemical processes involved in the formation 

of fibrous collagen. There is no question that ascorbic acid plays a prom- 

inent role in the early stages of collagen biosynthesis since the withdrawal 

of ascorbic acid from the diet of guinea pigs for a period merely long enough 

to deplete the animal results in the inability to form new collagen. Upon 

the administration of ascorbic acid the defect is promptly repaired (1). 

Earlier concepts (2, 3) that ascorbic acid acts as a gelating agent which 

transforms preexisting extracellular material into collagen may not be 

entirely accurate. Orekhovich and his coworkers (4, 5), Highberger, 

Gross, and Schmitt (6), and Gross (7) have identified soluble procollag- 

enous compounds that are essentially similar to mature collagen in amino 

acid composition in the skin of growing young animals. Considerably 

diminished amounts were found in the skin of scorbutic animals. Gould 

and Woessner (1) have presented presumptive evidence that in the absence 

of ascorbic acid there is an apparent accumulation of a hydroxyproline- 

free precursor of collagen. In the absence of ascorbic acid the metabolic 

defect appears to be the inability to hydroxylate proline to hydroxyproline. 

Robertson and Schwartz (8) have also postulated such a precursor. 

Data do not exist to clarify the role of ascorbic acid in such a hydroxyla- 

tion mechanism or even to substantiate the concept of a direct local action 

for ascorbic acid in collagen formation or, for that matter, with respect to 

any biological effect of ascorbic acid. It is indeed possible that the failure 

of fiber formation in scurvy may be related to impaired adrenal hormone 

balance (9, 10), abnormal carbohydrate metabolism (11), or other general 

systemic alterations which result from ascorbic acid deficiency. 

Quantitative studies of collagen formation by chick fibroblasts grown in 

roller tube cultures in synthetic as well as in complex media free from 

* This investigation was supported by grant No. A-1270 from the Division of 
Research Grants and Fellowships, National Institutes of Health, Public Health 

Service. 
The technical assistance of Lois B. Tait is gratefully acknowledged. 
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ascorbic acid have shown (12) that collagen formation can proceed in the 

absence of ascorbic acid and is not enhanced by ascorbic acid. Such results 

suggest that collagen formation in tissue culture is not dependent on 

ascorbic acid. However, the prompt cessation of rapid collagen formation, 

such as that encountered in wound healing and skin regeneration in guinea 

pigs concomitant with the depletion of ascorbic acid, is in marked contrast 

to the results observed in tissue cultures. It was desirable, therefore, to 

determine whether a direct local effect of ascorbic acid could be demon- 

strated in an active collagen-forming system. The technique of Boucek 

and Noble (13) which involves the subcutaneous implantation of poly- 

vinyl (Ivalon) sponge which can serve as a scaffolding upon which connee- 

tive tissue can be formed was suitably adapted for the study of collagen 

formation in normal, scorbutic, and ascorbic acid-treated guinea pigs. 

The method was found to be uniquely suited to the study of the local as 
well as the systemic effect of ascorbic acid on collagen biosynthesis. 

Materials and Methods 

Animals—Guinea pigs, weighing 250 to 300 gm. and averaging about 

275 gm., were placed on a scorbutigenic diet (14) which resulted in first 

signs of scurvy within 13 to 15 days, and death generally occurred in 30 to 

34 days. Normal control animals were fed this diet, supplemented daily 

with 10 or 20 mg. of L-ascorbie acid given orally by dropper. After the 

animals had been maintained on the scorbutigenic diet for 7 days to insure 

depletion of tissue and blood ascorbic acid, they were prepared as follows. 

The hair of the intrascapular region was removed, the skin was cleaned 

with 70 per cent alcohol, and an incision about 5 to 6 mm. long was made 

on each side of the mid-line. A polyvinyl sponge, prepared as described 

below, was inserted aseptically through each incision so that the sponge 

rested at a distance of 2 to 3 cm. from the incision. These incisions were 

then closed by means of a single suture. 

Collection of Tissue—At various intervals after the implantation of the 

sponge, during which time the formation of connective tissue had proceeded 

as far as possible, the sponge was recovered by means of forceps through a 

small incision made directly above it. In most instances the removal was 

extremely simple, but when extensive collagen formation occurred, care 

was taken to avoid collecting any of the dense collagenous capsule that 

often surrounded the sponge. 

The tissue-filled sponge, collected in this manner, was dried in acetone 

for 24 hours, minced finely, and reextracted with acetone for an additional 

24 hours. The acetone-treated tissue was defatted with anhydrous ethyl 

ether, then transferred to a 13 XK 100 mm. Pyrex tube and dried over- 

night at 108° in a vacuum oven. 
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Polyvinyl Sponge Implants—Polyvinyl] Ivalon surgical sponge was used 

throughout. The sponge as obtained commercially was allowed to dry in 

air until it was stiff enough to slice on an electrically driven food-slicing 

machine. Sheets were cut about 3 mm. thick, and circles about 12 mm. in 

diameter were cut from these by means of a sharpened cork borer. Uni- 

form circles which weighed between 19 and 20 mg. were selected, washed 

repeatedly to remove free formaldehyde, distributed in tubes of distilled 

water, and sterilized at a steam pressure of 15 pounds per sq. in. for 20 

minutes. The wet sponge was implanted as described above. 

Chemical Methods; Isolation of Collagen—The collagen of the dried sponge 

was converted to gelatin by adding 3 ml. of water to each sample tube and 

autoclaving for 3 hours at a steam pressure of 25 pounds per sq. in. The 
extract was transferred to a tared 13 X 100 mm. tube and the residue was 

reextracted with 2 ml. more of water by autoclaving as before. The 

resulting extracts were combined and evaporated to dryness in a current 

of airon a steam bath. The extract was dried to constant weight in vacuo. 

Hydrolysis of Autoclaved Extract—The autoclave-extractable material 

was hydrolyzed in 6 n HCl in a sealed tube by heating at 150° for 3 hours. 

The hydrolysate was neutralized with the theoretical amount of NaOH 

and diluted as desired for analysis. 

Hydroxyproline Determinations—These determinations were carried out 

by the method of Neuman and Logan (15) as modified by Martin and 

Axelrod (16). The hydroxyproline value multiplied by 7.46 may be 

taken as a measure of the apparent collagen content. This would include 

fibrous collagen along with precollagenous substances containing hydroxy- 

proline. The results are generally expressed as micrograms of hydroxypro- 

line in the total implant. 

Preparation of Dehydroascorbic Acid—This compound was synthesized 

freshly before use by the method of Patterson (17), based upon the oxidation 

of ascorbic acid by benzoquinone in slightly acid solution. Ascorbic acid, 

dehydroascorbic acid, and diketogulonic acid were determined when nec- 

essary by the method of Roe et al. (18). 

RESULTS AND DISCUSSION 

Hydroxyproline Formation in Implanted Sponges in Normal and Scorbutic 

Guinea Pigs—Polyvinyl sponges (20 mg.) were implanted subcutaneously 

as described above in a group of animals placed on a scorbutigenic diet for 

7 days. One set of guinea pigs was allowed to continue on the unsupple- 

mented diet (Fig. 1, Curve A) throughout. A second set was replaced on 

the diet supplemented by 10 mg. of L-ascorbic acid daily (Curve B). 

After 12 additional days on the scorbutigenic diet, several animals which 

had received no L-ascorbic acid were placed on the supplemented diet and 
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maintained on it for several days (Curve C). The data indicate quite 

clearly that the formation of collagen in implanted sponges resembles to a 
striking degree that observed in skin regeneration (1). 

The presence of hydroxyproline, in small but definite amounts, observed 

soon after implantation, appears to reflect a small infiltration of collagenous 

material into the sponge. Histological examination supports this view, 

since it reveals the presence of a few collagen fibers even though no vas- 

TOTAL HYDROXYPROLINE (pg) 
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DAYS AFTER IMPLANTING 

Fic. 1. Total hydroxyproline content of hydrolysates of autoclave-extracted ma- 

terial from polyvinyl (Ivalon) sponges implanted subcutaneously 7 days after with- 
drawal of ascorbic acid from the diet. The total hydroxyproline value multiplied 

by the factor 7.46 gives a measure of the apparent collagen. Curve A, animals main- 

tained on a scorbutigenic diet throughout; Curve B, animals replaced on the diet 

supplemented by 10 mg. of ascorbic acid daily; Curve C, animals maintained for a 

further 12 days on the scorbutigenic diet and then given 10 mg. of ascorbic acid daily. 

The arrow indicates the point at which ascorbic acid was restored to Group C. Each 

point represents the average value for four to six animals. 

cularization of the sponge has occurred. As in skin regeneration, little 

hydroxyproline is formed during the first 5 or 6 days and few fibers are 

noted histologically. From the 7th day onward, rapid hydroxyproline 

formation, accompanied by fiber formation, ensues. Upon the administra- 

tion of L-ascorbic acid to the animals maintained on the scorbutigenic diet 

(Curve C) there is a prompt formation of hydroxyproline, which in 48 hours 

attains the level reached by the animals of Curve B in about 8 days. These 

data indicate that collagen formation in subcutaneous polyvinyl sponge 

implants follows a course analogous to that involved in collagen formation 

in actual skin regeneration (1). 

Hydroxyproline Formation in Adult Guinea Pigs—Adult guinea pigs 
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weighing from 600 to 700 gm., which would not be expected to show any 

of the signs of scurvy until after they had been on a scorbutigenic diet for 

several months, were placed on such a diet for 7 days, after which time 

sponges were implanted in the usual way. The animals were maintained on 

the scorbutigenic diet for an additional 12 days, at which time the implants 

were removed and analyzed. The data indicate that there was essentially 

no hydroxyproline formed (21.0 + 6.0 mg. per sponge) and support the 
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ASCORBIC ACID (MG/DAY) 

Fig. 2. Total hydroxyproline content of hydrolysates of autoclave-extracted ma- 

terial from polyvinyl (Ivalon) sponges implanted subcutaneously 7 days after with- 

drawal of ascorbic acid from the diet, after which time the animals were replaced on 
the scorbutigenic diet supplemented by varying amounts of orally administered 

ascorbic acid for a further 12 days, Curve A; or maintained on the scorbutigenic diet 
for an additional 12 days and then given the diet supplemented by varying amounts 
of ascorbic acid for a further 4 days, Curve B. Each point represents the average 

values for at least six animals. 

TOTAL HYDROXYPROLINE (yg.) 

findings in young (275 gm.) animals that after L-ascorbic acid depletion, 

which occurs within 5 to 7 days after withdrawal of dietary L-ascorbic acid, 

hydroxyproline biosynthesis ceases, even though there are no indications 

of scurvy. 

Quantitative Relationship between Ascorbic Acid Administered and Hy- 

droxyproline Formed—A set of experiments was carried out to determine the 

relative responses in hydroxyproline formation to varying amounts of orally 

administered L-ascorbic acid. One group of animals was fed varying 

amounts of L-ascorbic acid for 12 days after the implantation of the sponges 

(Fig. 2, Curve A). Another group was maintained on the scorbutigenic 



Irie we re eee ee 

Vi 

PiMEVE TUITE 

642 BIOSYNTHESIS OF COLLAGEN. III 

diet for 12 days after implantation of the sponges and then given varying 

amounts of L-ascorbic acid for 4 days thereafter (Fig. 2, Curve B). It 

appears that relatively large amounts of orally administered L-ascorbic 

acid are needed for collagen formation in sponge implants as compared to 

the requirement for collagen formation in skin wounds. In skin wounds, 

the oral administration of 0.25 mg. of L-ascorbic acid leads to appreciable 

repair, and extensive repair occurs if 1.0 mg. is administered. A some- 

what better response is noted in sponge implants when L-ascorbic acid js 

administered parenterally (Table I). The data point to the possibility 

that the implant may be organized in such a way that it presents a partial 

barrier to essential components of the active collagen-forming system. The 

direct relationship between the amount of ascorbic acid administered and 

the amount of hydroxyproline formed suggested that one of the components 

might be ascorbic acid itself. With the possibility that the implant may 

be organized to present a barrier to the loss of material from the collagen- 

forming site as well, experiments were carried out to determine whether 

ascorbic acid might not be involved directly in collagen formation. 

Direct Interaction of t-Ascorbic Acid in Hydroxyproline and Collagen 

Biosynthesis—The prompt cessation of hydroxyproline formation in the 

sponges upon the withdrawal of L-ascorbic acid from the diet, along with 

the rather high orally administered dosage required for optimal activity, 

suggested that it might be possible to determine whether there is a local 

effect of L-ascorbic acid on collagen biosynthesis by injecting relatively 

small amounts of the compound directly into the sponge either throughout 

the period of collagen formation or during a short curative period. 

Several groups of guinea pigs were prepared in the usual way and sponges 

were implanted bilaterally after a preliminary depletion period of 7 days, 

during which time the animals were on the scorbutigenic diet. Certain 

groups of animals were then injected, over a period of 12 days, with sodium 

ascorbate in 0.9 per cent sodium chloride solution into one sponge, and with 

0.9 per cent sodium chloride solution into the second sponge. In this way 

each animal carried its own control. The daily amount administered was 

found to be most effective when injected in five equal doses uniformly 

spaced over an 8 hour period. The desired amount of any compound was 

always injected as the sodium salt, unless otherwise indicated, in a volume 

of 0.1 ml. Unless stated differently, the data refer to the results obtained 

with divided doses and the amounts indicated refer to the total dose. 

Other groups of animals were continued on the scorbutigenic diet for 12 

days after the sponges had been implanted. At this point varying amounts 

of sodium t-ascorbate in saline were injected directly into one sponge in 

divided doses, and the control sponge was similarly injected with saline 

over a period of 4 days, at which time the sponges were removed for analysis. 
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There is a clear indication (Fig. 3) of a pronounced local effect of L-ascorbic 

acid on hydroxyproline formation. Curve A represents the influence of 

TABLE I 

Summary of Data Demonstrating Direct Action of t-Ascorbic Acid in Hydrozyproline 
Synthesis in Implanted Polyvii in yl Sponges in Ascorbic Acid- Depleted Guinea Pigs 

l 
Hydroxyproline (total)* 

Sodium t-ascorbate 
administered No. of animals 

Ascorbate-injected | Saline-injected 
sponge sponge 

Subcutaneous 
injection 

Y Y 

0 mg. 12 days 21.0 

13.1 Ht 2 wa a 
0.1 mg. 

For 12 days (single | 21 

daily dose) 

For 12 days (divided 4 

daily dose) | 

0.0 mg. for 12 days fol- 9 
lowed by 0.1 mg. | 

for 4 days 

0.25 mg. 
For 12 days | 3 

0.0 mg. for 12 days fol- | 10 
lowed by 0.25 mg. | 

45.7 + 7.5| 23.34 5.4 | 

48.0 + 13 9.0+ 1.2] 

44.0+ 7.9|21.9+ 7.2 | 26.9 + 6.0 

150 +20 | 54.0 + 22 
61.8 + 15.9 | 12.5 + 3.1| 

for 4 days 

0.50 mg. 

For 12 days 14 111.4 + 23.5 | 43.6 4 15.3 | 44.8 + 5.4 

0.0 mg. for 12 days fol- | 3 69.3417 | 29.34 3.7 | 33.3 + 3.3 
lowed by 0.5 mg. | 

for 4 days (single 

dose) 

As above in divided | | 10 

dose 
1.0 mg. 

0.0 mg. for 12 days 5 

followed by 1.0 mg. | 

for 4 days 

126.1 + 22.7 | 33.84 9.1 | 36.5 + 0.5 

138 + 40.5) 56.02 4.6 

| 

| 

| 
| 

| 

| 
‘ 

* All values are expressed as the total amount of hydroxyproline per sponge and 

the data are presented as the mean + its standard deviation. The hydroxyproline 
value multiplied by 7.46 may be taken as a measure of the apparent collagen. Each 

animal carried both a treated and a control sponge. In every case the ascorbic 

acid-treated sponges contained greater amounts of hydroxyproline. 

dosage on the amount of hydroxyproline formed in the ascorbic acid-treated 

sponge, and Curve B the amount of hydroxyproline formed in the saline- 

treated control sponges. It is evident that, when 1.0 mg. of sodium L- 
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ascorbate is introduced into one sponge, enough reaches the control sponge 
through the circulation to influence the production of hydroxyproline in it. 
The amount of hydroxyproline formed suggests that the equivalent of 
0.1 mg. per day reaches the control sponge under these conditions. 
This was further demonstrated when 1.0 mg. of sodium ascorbate was 
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Fie. 3. Total hydroxyproline content of hydrolysates of autoclave-extracted 

material from polyvinyl sponges implanted bilaterally under the skin of guinea pigs 

7 days after withdrawal of ascorbic acid, at which time the animals were continued 
on the scorbutigenic diet for 12 days and thereafter injected for 4 days with varying 

amounts of sodium ascorbate in 0.9 per cent sodium chloride solution into one sponge, 
Curve A; or with 0.9 per cent sodium chloride solution alone, Curve B. The total 

amounts indicated on the abscissa were administered daily over an 8 hour period 

in five equal doses. Each point represents the average value for a group of five 

to ten animals. Each pair of points at any dose represents the same group of an- 
imals. 

injected subcutaneously in a control set of animals. Under these condi- 

tions, amounts of hydroxyproline comparable to those found in the control 

sponges of animals receiving 1 mg. in the test sponge were formed. It 

would appear that the injection of 0.5 mg. of sodium L-ascorbate daily into 

the site of collagen formation is comparable to the daily oral administration 

of about 10 mg. of L-ascorbie acid. 

Even when as little as 0.1 mg. of sodium L-ascorbate was injected, there 
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was a significantly greater synthesis of hydroxyproline than that in the 

control sponges in the same animals (Table I). The difference between 

treated and control sponges was noted in practically every guinea pig 

studied, even at these low levels, which are far below the minimal critical 

levels (about 0.25 to 0.30 mg. of sodium ascorbate) required for the mainte- 

nance of histological tooth structure (19) or bone and serum phosphatase 

levels (20). Histological examination of sponges injected with 0.25 to 

1.0 mg. of sodium ascorbate daily during a 12 day preventive period, or 

after 4 days of curative treatment, reveals the abundant presence of collagen 

fibers in the treated sponges, with practically no fibers or minimal fiber 

formation in the control sponges. 

If amounts greater than 1.0 mg. of sodium ascorbate daily are injected 

into implanted sponges, large quantities of the compound enter the circula- 

tion so that the animal produces large amounts of hydroxyproline and 

collagen in both sponges (Table I). However, in a series of guinea pigs in 

which 5.0 mg. of sodium L-ascorbate were injected into one sponge and 

saline into the other, it was found that in each case the sponge injected 

with sodium L-ascorbate contained the greater amount of hydroxyproline. 

The average was 199 y of hydroxyproline in the treated sponge as compared 

to 144 y in the control sponge. When 5.0 mg. of sodium L-ascorbate were 

injected subcutaneously as a control in a similar series of animals, the aver- 

age content of hydroxyproline was found to be 142 y. In addition to 

demonstrating what appears to be an enhanced effect on collagen forma- 

tion when L-ascorbic acid is introduced directly into the site of fiber forma- 

tion, this result also suggests that high levels of ascorbic acid do not inhibit 

the mechanism. 

Additive Hydroxyproline Formation Resulting from Simultaneous Local and 

Oral t-Ascorbic Acid Administration—A group of guinea pigs was prepared 

in the usual manner, sponges were implanted, and the animals were main- 

tained on the scorbutigenic diet for an additional 12 days. They were 

then fed 10 mg. of L-ascorbic acid daily for the next 4 days, and during 

this same 4 day period 0.5 mg. of sodium L-ascorbate was injected (in 

divided doses) daily into one sponge while the control sponge was injected 

with saline. It was found that the control sponges averaged 175 + 8.5 y 

of hydroxyproline, whereas the ascorbic acid-injected sponges in these 

same animals averaged 240 + 24 y of hydroxyproline. The oral ad- 

ministration of 10 mg. of L-ascorbic acid under these conditions could be 

expected to produce 105 y of hydroxyproline in each sponge (Fig. 2) in an 

animal. The injection of 0.5 mg. of sodium L-ascorbate per day into the 

sponge would be expected to result in 138 y of hydroxyproline in the 

treated sponge and about 36 y in the control sponge. If the effects are 

additive, the anticipated values should be 243 y of hydroxyproline in the 
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treated sponge as compared with 141 y in the control. From the observed 

results, it may be concluded that there is an added local effect when L- 

ascorbic acid is injected into a regenerating site in an animal that is at the 

same time receiving ascorbic acid orally. 

Specificity of L-Ascorbic Acid in Hydroxyproline Biosynthesis—Zilva (21) 

has suggested that the ineffectiveness of certain of the analogues of ascorbic 

acid is due to the inability of the tissues to retain them. Sealock et al, 

(22) have demonstrated that L-ascorbic acid can stimulate tyrosine oxida- 

tion by scorbutic liver slices but that p-glucoascorbic acid and reductone 

are equally effective. The present system involving what appears to be a 

direct effect of L-ascorbic acid on the biosynthetic mechanism seems well 

suited to determine whether L-ascorbic acid is specific in collagen biosyn- 

thesis. 

Several series of animals were prepared as usual, sponges were implanted, 

and the animals maintained on the scorbutigenic diet for a further 12 days, 

During the next 4 days implants in these animals were injected with the 

sodium salts of either p-glucoascorbic acid, p-isoascorbic acid, or dihydroxy- 

maleic acid. The results (Table II) indicate that neither the dihydroxy- 

maleate, whose enediol structure has been associated with pronounced 

effects on the intercellular mucopolysaccharides and ground substance 

23), nor D-glucoascorbate, which has no effect as an antiscorbutic sub- 

stance, has any significant local effects on hydroxyproline formation. 

Glucoascorbate, whose antagonistic action in ascorbic acid systems has 

been controversial (24, 25), was found to show no serious biochemical 

antagonism when injected into sponges of animals receiving L-ascorbic 

acid by mouth. Similarly, when pD-isoascorbic acid was injected into 

sponges in animals which received 10 mg. of L-ascorbic acid by mouth, no 

significant additive effect was observed. 

These results suggest that the specific structure of L-ascorbic acid is 

required for hydroxyproline biosynthesis, since neither the compounds 

containing the enediol configuration nor ascorbic acid analogues with 

comparable reducing activity are effective. 

Dehydroascorbic Acid—This compound has been shown to be antiscor- 

butic (20), perhaps because of its reduction to L-ascorbie acid. A series of 

animals similar to that described above was studied. One sponge was 

injected with freshly prepared dehydroascorbic acid (17) or with the metha- 

nol complex of dehydroascorbic acid. The data (Table IT) indicate clearly 

that, as in the over-all scorbutic process (20), dehydroascorbiec acid is 

almost as effective as L-ascorbic acid in the direct stimulation of hydroxy- 

proline formation. It is not yet possible to state whether dehydroascorbic 

acid is reduced before it becomes active, nor is it yet clear whether L- 

ascorbic acid, dehydroascorbic acid, or perhaps an intermediate form is 

the active material. 
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Possible Multiple Pathways for Collagen Biosynthesis—The results of 

these experiments which indicate a local action for ascorbic acid in collagen 

biosynthesis, when compared with the results obtained from tissue culture 

experiments where no such direct effect is apparent, suggest that more than 

one pathway for collagen formation may exist. The extremely slow turn- 

over of body collagen, as compared with such rapid synthesis as that en- 

TABLE II 

Influence of Certain Components Showing Structural Similarity to t-Ascorbic Acid 

upon Local Stimulation of Hydrozyproline Formation in Implanted Polyvinyl 
Sponges in Ascorbic Acid-Depleted Guinea Pigs 

Hydroxyproline (total)* 
No. of 

Treatment ani- | 
mals Ascorbate- | Saline-injected 

injected sponge | sponge 

lame | Y 

t-Dehydroascor- | 0.5 mg. freshly prepared 3 i110 + 12.6) 140+ 2.3 

bic acid 0.7 “ as methanol com-| 5 {116 + 32 | 24.64 
plex | 

Dihydroxymaleic | 0.37 mg. per day intosponge| 5 | 13.6 + 2.2| 144.24 4.3 
acid | | 

p-Glucoascorbic 0.5 mg. per day into sponge | 9 | 2054 7.6) 125+ 2.6 

acid | 
p-Glucoascorbic 1.0 mg. per day into | 130 + 30.8120 + 20.7 | 6 

acid sponge + 10 mg. L-ascor- 
bic acid orally 

p-Isoascorbic 0.5 mg. per day into| 5 |1288 + 12.8, 104 + 20 
acid | sponge + 10 mg. L-ascor- | | | 

bic acid orally | 

i-Ascorbic acid | 0.5 mg. per day into| 5 240 +24 |175 + 8.5 

| sponge + 10 mg. orally 

* All animals were placed on a scorbutigenic diet for 7 days before sponges were 

implanted, and were maintained on the diet for a further 12 days. At this point 

they were treated for 4 days as indicated. Oral doses were given once daily and the 
injected doses were divided. All acids were administered as the sodium salts except 

dehydroascorbic acid, which is unstable. Each animal carried both a treated and a 

control sponge. 

countered in tissue repair and in an experimental system like the one em- 

ployed in this study, also favors such a possibility. It is not improbable 

that the mechanism for rapid collagen formation requires ascorbic acid as 

a component while in the slow normal turnover the mechanism involved 

is independent of ascorbic acid. It is also possible that the same general 

mechanism may be involved but that ascorbic acid can serve to release an 

inhibitory mechanism which operates under normal conditions, resulting 

in rapid biosynthesis of collagen. 
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SUMMARY 

Collagen biosynthesis as measured by hydroxyproline synthesis in sub- 

cutaneously implanted polyvinyl sponges has been studied in normal, 

scorbutic, and ascorbic acid-treated guinea pigs. It has been found 

that hydroxyproline formation in such a system under various conditions 

is analogous to hydroxyproline formation in granulation tissue. 

A direct, specific effect for ascorbic acid in collagen biosynthesis in vivo 

has been demonstrated. 

The administration of relatively small doses of sodium L-ascorbate into 

implanted sponges in previously ascorbic acid-depleted guinea pigs resulted 

in rapid hydroxyproline synthesis in the treated sponge with little or no 

synthesis in the control sponge in the same animal. When ascorbic acid 

was administered by mouth at the same time that it was introduced directly 

into the site of collagen formation, an additive effect was observed. 

The direct action of ascorbic acid appears to be specific for substances 

of known antiscorbutic activity since dihydroxymaleic acid, glucoascorbic 

acid, and isoascorbiec acid are inactive, whereas L-ascorbie acid and L- 

dehydroascorbic acid are active. 

It appears that rapid collagen biosynthesis such as that involved in tissue 

repair may be directly mediated by ascorbic acid, in contradistinction to 

collagen formation in tissue culture which appears to be independent of 

ascorbic acid, suggesting the possibility of more than a single biosynthetic 

pathway. 
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FURTHER STUDIES ON THE INTRODUCTION OF PYRIMIDINES 
INTO DEOXYRIBONUCLEIC ACIDS OF 

ESCHERICHIA COLI* 

By STEPHEN ZAMENHOF, KENNETH RICH, anp ROSALIE De GIOVANNI 

(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 

(Received for publication, January 15, 1958) 

Previous studies (3) have been concerned with the introduction of 

halogenated pyrimidines into the deoxyribonucleic acids (DNA) of Escher- 

ichia coli. These studies have now been extended to other pyrimidines, 

other conditions, and other strains in an attempt to make the phenomenon 

more general and to apply it eventually to higher organisms. 

EXPERIMENTAL 

Materials, bacterial cultures, and strains were the same as those described 

previously (3). In addition, the following substances and strains were 

used: thymidine and 5-nitrouracil (Nutritional Biochemicals Corporation, 

Cleveland, Ohio); 5-bromouracil deoxyriboside and 5-methylcytosine 

(California Foundation for Biochemical Research, Los Angeles); 5-bro- 

mouracil riboside (synthesized by the method of Fukuhara and Visser (4)); 

6-methylaminopurine (kindly supplied by Dr. Gertrude Elion, Wellcome 

Research Laboratories, Tuckahoe, New York); Aminopterin (Lederle 

Laboratory Division, American Cyanamid Company, New York); a mutant 

of strain 15 (Roepke) that requires phenylalanine (ATCC 9723f); another 

mutant of strain 15, requiring uracil, cytosine, or isocytosine (ATCC 

9723g); a mutant of strain W that requires a purine (5); and a tryptophan- 

requiring mutant B3/1 derived from a thymine-requiring mutant B3 

(Brenner) of strain B, kindly supplied by Dr. Ernst Freese, Harvard 

University. 

Isolation of highly polymerized DNA (3) and the determination of growth 

inhibition (6) were performed as described previously. 

The determination of viscosity, heat stability, and ultraviolet absorption 

spectra of a DNA preparation containing 5-bromouracil was also performed 

as described by Zamenhof et al. (7). 

* This investigation was supported by research grant No. C-1760 from the Na- 
tional Institutes of Health, Public Health Service, grant No. E-52 from the Amer- 

ican Cancer Society, and grant No. G-4337 from the National Science Foundation. 

Abstracts of certain parts of this investigation have been presented previously (1, 2). 
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Analytical Procedures 

The analytical procedures were those already described, except that for 

the estimation of ribonucleic acid (RNA) the more accurate micromodifica- 

tion of the phloroglucinol method (8) was used instead of the orcinol 
method. The following procedures were also used. 

Chromatographic Separation of 5-Nitrouracil—DNA was isolated, freed 

from RNA by alkali treatment followed by dialysis, and hydrolyzed with 

HClO, as described (3). The hydrolysate was deposited in a row of at 

least twenty-five 0.001 ml. spots on the starting line of each of four What- 

man No. 50 filter paper strips. After neutralization in gaseous ammonia, 

the strips were subjected to chromatography, with water as the solvent (9). 

After 8 hours, the pyrimidine band was clearly separated from the purine 

band. The pyrimidine band was cut out and eluted in water; the eluate 

was then concentrated and subjected to chromatography for 48 hours in 

butanol-NH;, as described in an earlier paper (3). In this system, 5- 

nitrouracil migrates at a slower rate than any other natural pyrimidine 

(Ry 5-nitrouracil: Ry cytosine = 0.4). 

Chromatographic Separation of 5-Methylcytosine and of 6-Methylamino- 

purine—This procedure (10) was performed essentially as that described 

for 5-nitrouracil, except that in the first step (63 hours) an isopropanol-2 n 

HCl mixture (11) rather than water was used as a solvent. The confluent 

bands, corresponding to the levels of cytosine, 5-methylceytosine, and 

6-methylaminopurine of the control lane, were cut out together and eluted 

in water; the eluate was then concentrated and subjected to chromatog- 

raphy for 96 hours in butanol-NH;, as described for 5-nitrouracil. In 

this system, the Ry cytosine:Ryr 5-methylcytosine = 0.82; Ry cyto- 

sine: Ry 6-methylaminopurine = 0.61. 

Estimation of Thymine Content—The DNA hydrolysate (see above) was 

deposited as single 0.001 ml. spots on Whatman No. 50 filter paper strips, 

subjected directly to chromatography for 68 hours in butanol-NHs, and 

the molar ratios of adenine to cytosine to thymine were determined as 

described by Zamenhof et al. (3). No attempt was made to isolate guanine 

since it is partially destroyed during the hydrolysis in HCIO,. 

RESULTS AND DISCUSSION 

Introduction of 5-Bromouracil into DNA of Strains Not Requiring 

Thymine—In a previous communication (3) it was reported that, whereas 

the thymine-requiring strain I, grown on enriched broth containing 100 7 

of 5-bromouracil per ml., replaces 48 mole per cent of thymine by 5- 

bromouracil, the wild strain B (not requiring thymine) grown under the 

same conditions replaces only 4.4 mole per cent. First, it was of interest 

to ascertain that the high amount of thymine replacement is not a charac- 
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teristic of the parent Roepke strain (12) from which strain I originated. 

For this purpose, an unrelated (phenylalanine-requiring) mutant of the 

parent strain (ATCC 9723f) was grown under similar conditions, except 

that the 5-bromouracil content was raised to 200 y per ml. The low thy- 

mine replacement (7.5 mole per cent, Table I) indicates that the replace- 

ment is correlated with a “disturbance” in DNA synthesis rather than with 

the origin of the strain. This is also clearly indicated by the finding that 

in a thymine-requiring mutant of strain B the replacement was eleven 

times higher (48 mole per cent, Table I) than in the wild strain B (4.4 

TABLE I 

Thymine Replacement by 5-Bromouracil 

Strain No. Growth requirement 5-Bromouracil Aminopterin | sation 

ie ; ——  gersnt. =| ypermt. | mole per cont 
I Thymine 100 | 48* 

II None 100 | 14f 

9723f (ATCC) Phenylalanine 200 7.5 

9723g (ATCC) | Uracil 200 18 

B None 100 4,.4* 

- Bie 100 250 13.5 

“ Be 2000 17.0 
" ~ 6000 0 

B3/1 Thymine and trypto- 100s | | 48 
phan | 

Wt | Purine 2000 | | 13.0 

* Zamenhof et al. (3). 

t Zamenhof and Griboff (13). 

t Davis (5). 

mole per cent) grown under the same conditions. It is not unlikely that 

any species can be made to replace thymine by 5-bromouracil if the species, 

or its mutant, requires thymine for growth. 

A mutant which requires uracil may be considered to be a partial ‘“thy- 

mine requirer,” since in this strain uracil is likely to be a precursor of 

thymidylic acid. One such strain (ATCC 9723g) is not inhibited by 

100 y of 5-bromouracil, 2-thiothymine, 5-bromouracil riboside, or 5- 

bromouracil deoxyriboside per ml. of basal broth (6), thus indicating that 

thymine or its nucleosides may not be the intermediates. When this 

strain was grown under similar conditions as the phenylalanine requirer, 

5-bromouracil replaced much more thymine (18 mole per cent, Table I), 

suggesting the correlation mentioned above. This result may have a 
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ractical significance for studies of the introduction of thymine analogues | b gues | 

into DNA: thymine-requiring mutants or thymine-requiring wild strains 

are rare, whereas those requiring uracil are comparatively frequent. 

The “back-mutant” of strain I to strain II (not requiring thymine) 

replaces 14 mole per cent of thymine (13) on 100 y of 5-bromouracil per ml, 

(Table I); this replacement, higher than in wild strain B, suggests that in 

strain II the pathway of DNA synthesis did not return to “normal.” 

Indeed, this strain is eventually inhibited by 2000 y of 5-bromouracil per 

ml. of basal broth, whereas the wild strain B is not (6). We have previously 

reported that strain I is inhibited by 0.5 y of 5-bromouracil deoxyriboside 

per ml. of basal broth (13). It has now been found that under these 

conditions strain II is also inhibited, whereas wild strain B as well as the 
original Roepke strain 15 and its mutants (phenylalanine-requiring or 

uracil-requiring) is not inhibited even by 200 y of this nucleoside per ml. 

It is likely that the pathway of DNA synthesis in this strain does not 

include thymine (2, 13) but does include thymidine as an intermediate. 

Such a pathway may account for higher thymine replacement than in the 
wild strain. 

The wild strain B replaces thymine by 5-bromouracil (14) if it becomes a 

thymine requirer by growing in the presence of sulfanilamide (see also 

Cohen and Barner (15)). It has now been found that a similar result can 

be obtained by blocking methylation by means of Aminopterin. When 

strain B was grown on enriched broth containing 100 y of 5-bromouracil 

and 250 y of Aminopterin per ml., the thymine replacement was much 

higher (13.5 mole per cent, Table I) than without Aminopterin (4.4 mole 

per cent). 
It occurred to us that the wild strain might also be induced to choose an 

alternative pathway, one which utilizes exogenous pyrimidine, when such 

a pyrimidine is present in very high concentration. Indeed, when strain 

B was grown in enriched broth containing 2000 y of 5-bromouracil, the 

thymine replacement increased to 17 mole per cent (Table I). Similar 

results were obtained with strain W. This method may be useful for the 

introduction of 5-bromouracil into higher organisms which do not require 

thymine. 

When the concentration of 5-bromouracil was increased to 6000 y per 

ml., the cells were too much inhibited and the thymine was not replaced 

(Table I) in accordance with previous findings (6). 

6-Methylaminopurine in DNA Containing 5-Bromouracil—Dunn and 

Smith (10) reported an increase (up to 30 mole per cent) in the 6-methyl- 

aminopurine content in DNA of cells grown under the conditions of thy- 

mine requirement or of inhibition of thymine utilization; this inhibition 

was achieved by using inhibitory thymine analogues (2-thiothymine, 
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5-aminouracil) which are not introduced into DNA (3, 10). It seemed of 

interest to determine whether such an increase also occurs when the ana- 

logue is introduced in place of thymine into DNA. Recently Dunn and 

Smith (16) found a small increase in the 6-methylaminopurine content dur- 

ing the synthesis of DNA on basal medium containing 5-bromouracil. The 

conditions used by these authors were different from those in the present 

work (introduction of 5-bromouracil without apparent DNA synthesis 
(3)). It was now found that in enriched broth, without or with 100 y of 

5-bromouracil per ml., the 6-methylaminopurine content of DNA in strain 

I was 1.6 mole per cent (of thymine) without and 2.7 mole per cent with 

5-bromouracil. The difference is not considered significant. On the other 

hand, the 5-bromouracil content is none without, and 48 mole per cent with 

5-bromouracil. These results indicate that when the organism can intro- 

duce an analogue into DNA (under the conditions of impaired thymine 

utilization) it does so in preference to introducing more 6-methylamino- 

purine, at least under the condition of the experiment. This finding is of 

importance for the study of the biological effects of the introduction of 

5-bromouracil into DNA (to be discussed elsewhere). It indicates that 

such effects are unlikely to be caused by the change in 6-methylaminopurine 

content in DNA, since practically none occurs in these conditions. 

Attempts to Introduce 5-Nitrouracil, 5-Methylcytosine, and Excess Thymine 

into DN A—Since an increase in the concentration of 5-bromouracil, up to 

2 mg. per ml., was effective in introducing this analogue into DNA, a simi- 

lar attempt was made to introduce 5-nitrouracil. Whereas there was no 

growth inhibition in basal broth containing 1 y of thymine and 100 y of 

5-nitrouracil per ml. (13), we now find growth inhibition at 2 mg. of 5-ni- 

trouracil per ml. This inhibition can be reversed by thymine or thymidine 

(40 y per ml.). When strain I was grown in the presence of 2 mg. of 5-ni- 

trouracil per ml. of enriched broth (no inhibition), the presence of this ana- 

logue in DNA could not be demonstrated. This finding again indicates 

the importance of the right size and charge of substituent in position 5 

of uracil (3, 16). 

5-Methyleytosine, a natural constituent of DNA of higher plants and 

animals, has never been found in bacterial DNA. In E. coli, this may be 

because of the presence of a deaminase which converts 5-methylcytosine 

deoxyriboside into thymidine (Cohen and Barner (17)). Nevertheless, an 

attempt was made to introduce 5-methyleytosine into DNA by using a 

strain (ATCC 9723g) which requires uracil or cytosine (1 y per ml.) for 

growth, at relatively high concentrations of 5-methyleytosine (100 y and 

2 mg. per ml. of enriched broth). The cells were grown and the DNA was 

isolated and analyzed as described above. The presence of 5-methyl- 

cytosine in the DNA of these cells could not be demonstrated. 
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The thymine content in the DNA of a thymine-requiring strain of £. 

coli, grown on media containing 10 y of thymine per ml., was found to be 

essentially equal to that of adenine and cytosine (18). It was of interest 

to investigate whether the thymine content could be raised by growing the 

cells in the presence of high concentrations of thymine or thymidine. When 

strain I was grown in enriched broth containing 6 mg. of added thymine 

per ml., the molar base ratios in DNA (averages of three experiments each: 

thymine:cytosine 1.11; adenine:thymine 1.05) were not significantly 

different from those when thymine was not added (thymine: cytosine 1.04; 

adenine:thymine 1.04). This strain requires four times less thymidine 

than thymine (on a molar basis) (13). It is now found that this strain is 

inhibited to the extent of 50 per cent by 1 mg. of thymidine per ml. of basal 

broth. In enriched broth containing 2 to 4 mg. of thymidine per ml., the 

cells become enlarged and distorted and the viability is only 0.4 to 3 per 
cent at 8 hours. The DNA of the cells grown under these conditions 

again showed no significant deviations in molar base ratios (thymine: 
cytosine 1.10; adenine: thymine 0.93). 

It is of interest that Dunn and Smith (10) were also unable to increase 

the 6-methylaminopurine content in DNA by growing the cells in the 

presence of this naturally occurring pyrimidine. It is likely that in general 

the proportions of the naturally occurring bases in DNA cannot be changed 

by the presence of these bases in the medium even in relatively high con- 

centrations. 

Properties of DNA Containing 5-Bromouracil—5-Bromouracil has a 

different ultraviolet absorption maximum (276 my at pH 7) from thymine 

(264.5 my at pH 7). It was therefore conceivable that the absorption 

maximum of DNA, in which 32 mole per cent of thymine is replaced by 

5-bromouracil, would be higher than that of normal DNA. However, the 

absorption maximum of such DNA containing 32 mole per cent of 5- 

bromouracil was found to be 259 to 260 mu, which is not different from the 

normal. 

The specific viscosity of the solution of this 5-bromouracil containing 

DNA (1800 y of DNA per ml. of “standard buffer” (7)) was 7,, = 12.1 

at 23°, which is practically the same as that for DNA of calf thymus 

(nsp = 11.7) under identical conditions (7). 

It is conceivable that the hydrogen bonds in the DNA containing 5- 

bromouracil are under more strain than those in normal DNA. It was 

recently reported that the cells of EF. coli containing 5-bromouracil in their 

DNA are up to 2000 times more sensitive to ultraviolet irradiation (on a 

survival basis) than are the normal cells (19). This effect was correlated 

with the amount of thymine replacement by 5-bromouracil in DNA and 

not with the extent of inhibition by 5-bromouracil. It seemed of interest 

to investigate whether such DNA has a lowered resistance to heat which 
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occurs when the DNA molecules have undergone injury (7). The solution 

of DNA containing 5-bromouracil described above was heated to 76° for 

1 hour, cooled to 23°, and the viscosity measured again (7). No loss of 

viscosity could be detected, which indicates that the resistance to heat was 

not impaired. 

SUMMARY 

The study of the introduction of 5-bromouracil into deoxyribonucleic 

acid (DNA) of Escherichia coli has been extended to various pyrimidines, 

various conditions, and several strains. The extent of such an introduction 

(thymine replacement) was correlated with the “disturbances” in DNA 

synthesis. Such disturbances occur naturally in several mutants (thymine 

requirers, their “‘back-mutants,” uracil requirers) or can be produced 

artificially in wild strains by Aminopterin or by high concentrations of 

5-bromouracil. This last method was, however, ineffective in introducing 

into DNA any 5-nitrouracil or 5-methyleytosine, or more thymine than 

exists normally. The ultraviolet absorption spectrum, the viscosity, and 

the heat stability of DNA containing 5-bromouracil have been investigated. 

These properties could not be distinguished from those of normal DNA. 
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THE INHIBITION OF MITOCHONDRIAL RESPIRATION BY 

1,10-PHENANTHROLINE AND 2,2’-BIPYRIDINE 

AND THE POSSIBLE RELATIONSHIP TO 

OXIDATIVE PHOSPHORYLATION* 

By WILLIAM C. YANG, DAVI YANASUGONDHA, anv J. LEYDEN WEBB 

(From the Department of Pharmacology, School of Medicine, University of Southern 
California, Los Angeles, California) 

(Received for publication, January 6, 1958) 

Chelating agents such as 1,10-phenanthroline and 2,2’-bipyridine have 

strong affinities for certain metal ions important in biological oxidation (1). 

There is little information on the effects of these substances on the tricar- 

boxylic acid cycle. Glutamate oxidation by brain mitochondria was 

markedly inhibited by 1 mm 1,10-P! while 2,2’-B inhibited it only slightly 

(2). Citrate oxidation by liver mitochondria was inhibited 37 and 86 per 

cent, respectively, by 2,2’-B at 0.33 mm and 1 mm (3). No single cycle 

enzyme system has been found to be particularly sensitive; for example, 

1 mm 1,10-P inhibited pig heart aconitase about 50 per cent (4), DPNH 

cytochrome c reductase 20 per cent (5), and succinic dehydrogenase 23 to 

33 per cent (6). 2,2’-B was generally a weaker inhibitor of these enzymes. 

Nevertheless, it has been observed in this laboratory that pyruvate oxida- 

tion by rat heart mitochondria was quite potently inhibited by 1,10-P, 

and it was evident that some reaction in the cycle was more sensitive to 

this substance than any of the enzymes previously studied. The present 

investigation is concerned with the inhibition patterns produced by 1 ,10-P 

and 2,2’-B in these heart mitochondria and the localization of the site of 

action. 

Methods 

The preparation of the rat heart mitochondria suspension and the 

manometric measurement of oxygen uptake were according to Montgomery 

and Webb (7). The reaction medium, unless specified otherwise, contained 

the following: KCl (121 mm), potassium phosphate buffer (20 mm, pH 6.8), 

cytochrome c (0.01 mm), MgCle (6 mm), AMP (1 mm), and ATP (0.5 mm). 

Rat liver mitochondria were prepared by the isotonic sucrose method (8). 

The a-ketoglutaric dehydrogenase was prepared from pig heart and assayed 

* This investigation was supported by a grant from the Life Insurance Medical 
Research Fund and aided by facilities supplied by the Allan Hancock Foundation. 

1The abbreviations used are as follows: 1,10-P, 1,10-phenanthroline; 2,2’-B, 

2,2’-bipyridine; DPN, diphosphopyridine nucleotide; TTC, 2,3,5-triphenyltet- 

razolium chloride; DNP, 2,4-dinitrophenol. 
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spectrophotometrically (9). Malic dehydrogenase was also prepared from 

pig heart (10) and assayed by the method of Mehler et al. (11). DPNH 

cytochrome c reductase was prepared from pig heart (12), and its activity 

was determined by cytochrome c¢ reduction. The cytochrome oxidase 

activity of the mitochondrial suspensions was determined manometrically 

with p-phenylenediamine as substrate. The ability of the mitochondria to 

oxidize added DPNH was determined both manometrically and spectro- 

photometrically. 

The reduction of TTC was used as a measure of the rate of oxidation of 

certain cycle substrates according to a modification of the method of Kun 

and Abood (13). The following additions were made to each tube: 1 ml. 

of mitochondrial suspension, 1 mg. of TTC in 1 ml. of 0.1 mM phosphate 

buffer at pH 7.2, 0.4 ml. of 50 mM substrate, 2 mg. of DPN, and 0.1 ml. 

of 0.01 mm methylene blue. When chelating agents were used, 0.3 ml. of a 

solution (10 times the final concentration) in 0.9 per cent KCl was added. 

The final volume was brought to 3 ml. with 0.9 per cent KCl in all cases. 

The incubation time varied from 60 to 120 minutes at 30°. Formazan 

was extracted with 5 ml. of cold acetone, the mixture was centrifuged, the 

clear acetone solution was transferred into cuvettes, and the concentration 

was determined spectrophotometrically at 485 my. Precaution was taken 

so that the tubes were not exposed to direct light during the incubation or 

extraction. For P:O determinations, mitochondrial oxidation of a- 

ketoglutarate was measured under the conditions previously described for 

a period of 20 minutes; the flask contents were deproteinized by the addi- 

tion of cold 10 per cent trichloroacetic acid and analyzed for inorganic 

phosphate by the method of Lowry and Lopez (14). 

Results 

Inhibition of Oxidations in Heart Mitochondria—The average results of 

three experiments are shown in Table I. Marked inhibition of the oxida- 

tion of malate, pyruvate + malate, and a-ketoglutarate was observed with 

0.01 to 0.03 mm 1,10-P, whereas the oxidation of citrate, isocitrate, and 

succinate was much less sensitive; the concentration of 2,2’-B required 

for maximal inhibition was approximately 10 times as great. A survey of 

a wide range of concentrations of 1,10-P and 2,2’-B on mitochondrial 

a-ketoglutarate oxidation gave Curves A and B in Fig. 1. A sufficient 

increase in concentration reduced the inhibition and occasionally produced 

stimulation; this was also found to be true for the oxidation of malate and 

pyruvate + malate. It was impossible to determine the effects of these 

agents on pyruvate oxidation alone, because rat heart mitochondria do not 

oxidize pyruvate in the absence of a cycle intermediate to provide oxal- 

acetate (7). The three different peaks in the 2,2’-B concentration- 

inhibition curve were consistently obtained in each of the three experiments. 
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Action of Chelating Agents on Isolated Enzymes—Various enzymes 

involved in electron transport during oxidation of a-ketoglutarate and 

TABLE [| 

Effects of Chelating Agents on Mitochondrial Oxidation of Various Substrates 

Per cent change 

Substrate 1,10-Phenanthroline 2,2’-Bipyridine 

0.01 mm 0.03 mM 0.10 mu | 0.30 mM 10mm | 5.0 mM 

a-Ketoglutarate...... —92.4 | —100.0| —74.7 | —79.3 | —22.8 | —9.0 
Pyruvate + malate —96.8 —92.7 —82.4 —87.9 —56.8 —14.5 

Malate..... —s2.2 | -80.8| —77.1 | -66.8 | -24.4 | +43.3 
Citrate. . ost —32.9 —55.9 | —56.9 — 37.0 — 26.3 —1.1 

Isocitrate..... +5.6 —43.5 | —41.8 | —20.7 | —16.9 | —22.3 

Succinate..... —14.5 —29.1 +3.7 | —32.7 —-1.2 | -—8.5 

! ! b o oO oO 

PER CENT CHANGE 

! ~ ° 

°o 

+ 20 

+40 rn 1 1 s 1 1 

0.003 0.01 0.03 0.10 0.30 10 

INHIBITOR(mM) 

Fig. 1. Concentration-inhibition curves for 1,10-P and 2,2’-B. Curves A and 

B, inhibition of mitochondrial oxidation of a-ketoglutarate by 1,10-P and 2,2’-B, 

respectively; Curve C, inhibition of mitochondrial reduction of TTC by 1,10-P 

with a-ketoglutarate as the substrate; Curves D and E, inhibition of DPNH cyto- 

chrome c reductase activity by 1,10-P and 2,2’-B, respectively. 

malate were tested in order to determine the site of inhibition. The results 

are summarized in Table II. Neither 1,10-P nor 2,2’-B at concentrations 

markedly inhibitory in mitochondrial oxidations produced significant 

inhibition of the a-ketoglutaric dehydrogenase, malic dehydrogenase, 
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DPNH cytochrome c reductase, or cytochrome oxidase, even after preincu- 

bation of the enzymes with the chelating agents. The inhibitions of DPNH 

cytochrome c reductase (Fig. 1, Curves D and E) are similar to those 

TaBLeE II 

Effects of Chelating Agents on Various Components of Electron Transport System 

Per cent change 

| | | pest | cw. 
— - 

| : ili _ DPNH Cyto- 
Agent (Ron | Gehperogenase | dehydrogenase | «7toghrome ¢ | chrom 

| | a° | Bt | A B A | BA 

| mu | | | | ou 
ieee | 0.01 | -1.3 | -15.0 | +43.6 | +152.0 | —5.3| +0.8) +13 
sce | 0.03 | -8.3 | -15.5 | +61.3 | +149.8 | —7.0| —5.8| -811 
igen | 0.10 | -0.0 | -6.7 | +105.0 | +262.2 | —6.8/-19.5| +2.6 
«| 10 | -6.5 | 9.5 | 4114.5 | +285.4 |-17.2|-92.0] -0.1 
. ) ree 0.10 | -9.7 | +1.4 | +42.6| +63.3 | —6.0| +2.2) +2.4 

Re eectasee 0.30 | —5.8 | -2.6 | +107.2 | +140.0 | -3.6 —0.8| +5.1 
eae 1.0 | +1.8 | +3.2 | +109.0 | +115.7 | 4.4) —4.8)+12.2 
ae as 2.0 | -1.4 | +2.1 | +115.3 | +136.2 | —2.9|—14.3) 

* A = without preincubation. 

7 B = enzyme preincubated with chelating agent for 10 minutes. 

TasB_e III 

Effects of Chelating Agents on TTC Reduction by Heart Mitochondria 

Per cent change 

Substrate — 

| 1,10-P (0.03 ma) | 2,2/-B (0.3 mu) 

Eto ore on 2 occ So be Or ware soe eacsahe | —93.9 —87.4 

Ne Fo Sree oii ck ee ease oendae em eaieos aX - —59.1 | —61.0 

lo ee kG bile t 5 bn etn sein anidemin PRA —37.5 —40.0 
i oe lae ile dal cbeiets eatin alas -13.7 | —18.6 
NNN concn icoihsirlows «sida aie alg Niclaia cere Sinbin' 4 om mirnrass | —26.0 —27.8 

reported by Mahler and Elowe (5). It is likely that none of these indi- 

vidual enzymes represents the site of the potent mitochondrial inhibition. 

Inhibition of TTC Reduction—Reduction of TTC in mitochondrial 

suspensions occurred with all the substrates employed. Marked inhibition 

by 0.03 mm 1,10-P and 0.3 mm 2,2’-B was observed with a-ketoglutarate 

and definite inhibitions, comparable to those observed manometrically, 

with the other substrates (Table III). A diphasic inhibition, as described 

in the oxygen uptake, was also found for TTC reduction (Fig. 1, Curve C). 
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These results indicated the site of inhibition to be between substrate and 

flavoprotein in the electron transport sequence. 

Mitochondrial Oxidation of Added DPNH—The oxygen uptake of 

mitochondria with DPNH as substrate was only slightly depressed (4 per 

cent) by 0.03 mm 1,10-P and slightly stimulated (5 per cent) by 0.3 mm 

2,2’-B. This was substantiated by the spectrophotometric determina- 

TaBLe IV 

Effect of Fe++ and Mn** on Inhibition of Mitochondrial Oxidation of a-Ketoglutarate 
by 1,10-P and 2,2'-B 

Per cent change 

Metal ion ny ee 

| 1,10-P (0.03 mas) Metal ion only | 1,10-P + metal ion 

_— — Sewer | —E 

= | | 
Fet+. 0.01 | -100.0 | | —96.3 

“ 0.03 | -100.0 | +231 | —100.0 
SO 0.10 | -100.0 | +37.9 —92.5 

“ 0.30 —100.0 —12.5 —75.8 
ee 1.0 —100.0 —28.1 —72.9 

ee 0.01 —97.2 —51.1 —90.3 
a a 0.03 —97.2 —64.5 —81.9 
| Da 0.10 | —97.2 —66.9 —77.9 
Dt eM, 0.30 | —97.2 —65.9 —82.2 

| 2,2'-B (0.3 mu) | 2,2’-B + metal ion 

Fe*+ 0.10 | —92.0 +37.9 | —98.1 
“ 0.30 | 92.0 -125 | -73.1 
o 1.0 | —92.0 | —28.1 | —66.8 
de a ee 0.01 | -78.7 | —51.1 | —87.2 

ow ER 0.03 | —78.7 | —64.5 | —82.2 
Res, 0.10 °| -78.7 | —66.9 | —77.7 
ee 0.30 | -78.7 | 65.9 —69.1 
Ge Ss i. a | -%.7 | 6.7 1.0 —65.3 

tion of DPNH oxidation in mitochondria in which only a small depression 

by 0.03 mm 1,10-P was seen. 

Effects of Metal Ions on Inhibition—The possibility that the chelating 

agents were combining with a dissociable metal involved in electron trans- 

port was tested by addition of several metal ions to determine whether the 

inhibition might be reduced. A wide range of concentrations (0.0003 to 

1.0 mm) of Cu++ and Zn** did not alter the inhibitions produced by the 

chelating agents on the oxidation of a-ketoglutarate. Concentrations of 
Fe++ from one-third to 3 times the concentration of 1,10-P did not alter 

the inhibition appreciably, but the higher concentrations of Fe++ did reduce 
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the inhibition by 1,10-P and 2,2’-B somewhat (Table IV). Mn++ at 

concentrations equimolar with the chelating agents, or higher, reduced 

the inhibitions of a-ketoglutarate oxidation despite a rather potent inhibi- 

tory action of Mn** alone (Table IV). In fact, when Mn** was present 

at 0.3 to 1 mm, addition of 2,2’-B produced no further inhibition. 

Inhibition by 1,10-P and 2,2’-B in Combination—lf 1,10-P and 2,2’-B 

act on the same metal component, suitable combinations should produce 

the same reduction in inhibition that was observed when the concentration 

of each inhibitor alone was increased. This was shown to occur, although 

with the limited number of combinations tested complete disappearance of 

the inhibition was not seen. Thus, 0.03 mm 1,10-P alone inhibited 

a-ketoglutarate oxidation 97.2 per cent, and 0.3 mM 2,2’-B alone inhibited 

83.0 per cent; when present together, the inhibition was reduced to 60.9 per 

TABLE V 

Effects of DNP on Inhibition of Mitochondrial Oxidation of a-Ketoglutarate 
by Chelating Agents 

Per cent change Per cent change 

DNP : | — DNP con- | —————________ —— 
concentration | | r centration r. 

-s |e ‘ sai DNP |. Sema 
DNP | 10-P (0.03 map| 1+10-P DNP |p y.B(0.3mu) | 22° 

mM } mM i —s 

0 | —88.6 | —88.6| 0 | —73.1 —73.1 
0.01 | —18.2| -81.0 | —73.7| 0.10 | —55.3| —41.9 | +30.0 
0.03 | —63.5| —79.1 40.1) 0.30 | -54.3 |) —51.1 +7.0 
0.10 | —58.3 —61.5 —7.7 1.0 —82.7 —86.9 | —13.1 

* Effects of chelating agents calculated on the basis of controls containing DNP_ 

cent. When the two chelating agents were present simultaneously, their 

action was similar to the action of one chelating agent at a higher concen- 

tration. Thus it is likely that both these chelating agents are acting at 

the same site. 
Effects of DNP on Inhibition—Among the various chemical agents 

tried, DNP alone was found to be effective in reducing the inhibitory 

action of 1,10-P and 2,2’-B on a-ketoglutarate oxidation as shown in 

Table V. DNP at the most effective concentration of 0.1 mm reduced the 

level of inhibition to that of DNP alone or even below; 7.e., in the presence 

of DNP the chelating agents were less inhibitory. Similar reductions by 

0.1 mm DNP of the inhibitions of malate (from 89.5 to 45.5 per cent) and 

pyruvate + malate (from 96.0 to 83.0 per cent) oxidations exerted by the 

chelating agents were observed. Inhibition of succinate oxidation by 0.1 

mm DNP was always greater than the inhibitions by 1,10-P or 2,2’-B; 

thus no reduction in inhibition could be observed. 
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P:0 Ratio in Presence of 1,10-P—Since DNP, a phosphorylation- 

uncoupling agent, is effective in reducing the inhibition produced by the 

chelating agents, the direct effect of 1,10-P on mitochondrial phosphoryla- 

tive activity was studied. A concentration of 0.3 mm 1,10-P was selected 

for these studies, since lower concentrations of 1,10-P inhibited the oxygen 

uptake potently. A definite reduction of the P:O ratio of rat heart 
mitochondria with a-ketoglutarate as substrate is shown in Table VI. 

DNP, by comparison, reduced the P:O ratio to 1 approximately. 

TaBLe VI 

Phosphorylation Associated with Oxidation of a-Ketoglutarate 

pod 1,10-P P uptake o. uptake | 5 

a a — an Si ncspehnciiictelal nile 
mM patoms patoms | 

Rat heart mitochondria. reat | 4 | | 12.26 | 4.55 | 2.72 
4 | 0.30 9.22 | 5.30 | 1.62 

“liver - 1 20.00 | 5.25 3.81 

1 0.30 | 20.85 | 5.77 | 3.50 

TaBLe VII 

Effects of Chelating Agents on Oxidation of Various 

Substrates by Liver Mitochondria 

Per cent change | 
Substrate | : — - 

| 1,10-P (0.03 mm) | 2,2’-B (0.3 mm) 

INS 8 Winn is Dealer <uves haan phan s ble —3.3 —7.7 

OO ee one is dpe ieebieetewets +0.5 +3.0 
ECCT Ee : Se any a ed —8.6 —9.6 

Pyruvate........ ES aS Oe Re ee Rene —32.4 +40.2 

+ malate.. centage eacc alee cies —4.1 —5.8 

Action of Chelating Agents on Rat Liver Mitochondria—In contrast to 

the potent inhibitory action of 1,10-P and 2,2’-B on heart mitochondrial 

oxidations, these agents did not exert appreciable inhibition of the oxida- 

tion of various cycle substrates by liver mitochondria (Table VII). That 

this represents a basic difference between heart and liver mitochondria, 

not attributable to a difference in the preparation of the mitochondria, 

was shown by demonstrating the characteristic inhibitions by 1,10-P and 

2,2’-B on heart mitochondria prepared by the isotonic sucrose technique. 

As shown in Table VI, the P:0O ratio of rat liver mitochondria was not 

significantly altered in the presence of 1,10-P. This further illustrates 

the difference between liver and heart mitochondria. 
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DISCUSSION 

The significant results that have emerged from the present studies are 

as follows: (a) the most sensitive reactions in the cycle to 1,10-P and 

2,2’-B are oxidations involving DPN, (b) the primary site of inhibition is 

not on any readily identified component of the electron transport sequence, 

(c) the inhibition is reduced or abolished by increasing concentrations of 

the chelating agents, (d) the inhibition is reduced substantially by DNP, 

Mn?**, and higher concentrations of Fe+*, and (e) the P:O ratio is reduced 

from 2.72 to 1.62 in the presence of 0.3 mm 1,10-P. 

The inhibitions by 1,10-P and 2,2’-B are similar, as evidenced by the 

relative potency in inhibiting the oxidation of various cycle substrates, the 

similar reversal effect at higher concentrations of the chelating agents, and 

the reduction of inhibition when the most effective inhibitory concentra- 

tions of the two chelating agents were used together. 

The parallelism between the inhibition of TTC reduction and oxygen up- 

take would imply that the inhibition is somewhere between the substrate 

and the flavoprotein as Kuhn (15) and Brodie and Gots (16) have given 

evidence that a flavoprotein is involved in the reduction of TTC. Steps 
which are known to be in this segment of the electron transport sequence, 

such as the a-ketoglutaric or malic dehydrogenase and DPNH cytochrome c 

reductase, and the mitochondrial oxidation of DPNH are not inhibited 

significantly by the chelating agents. Thus an unknown component of 

the electron transport chain might be the site of inhibitory action of 1 ,10-P 

and 2,2’-B. Non-heme iron has been found in relative abundance in the 

electron transport system (17). The reduction of 1 ,10-P and 2 ,2’-B inhibi- 

tion by higher concentrations of Fe+* is significant inasmuch as (1 ,10-P);- 

FeSO, and (2,2’-B);-FeSO, exert similar inhibitory actions to those 

of 1,10-P and 2,2’-B, respectively. The reduction of inhibition by low 

concentrations of Mn++ is very distinct, and Mn** has been reported 

previously to promote phosphorylation (18). The involvement of a metal 

component in the inhibition is thus a possibility. The effective reduction 

of 1,10-P or 2,2’-B inhibition by DNP and the reduction of P:O ratio in 

the presence of 0.3 mm 1,10-P suggest a connection between a phosphoryla- 

tive step in the electron transport chain and the inhibition. Since metal 

has been suggested as a connecting link between phosphorylation and elec- 

tron transport (19, 20), a common focus of the inhibitory action of the 

chelating agents may be postulated. One possible site of action could 

be the oxidation of intramitochondrial DPNH. According to Chance and 

Williams (21), the oxidation of intramitochondrial DPNH is one of the 

sites for coupled phosphorylation. The lack of reactants, such as adenosine 

diphosphate and inorganic phosphate, in the coupled phosphorylation will 

inhibit the oxidation of intramitochondrial DPNH. Similarly, the 1,10-P 
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and 2,2’-B inhibition of mitochondrial oxidation may. be due to the inhibi- 

tion of coupled phosphorylation which can be partly released by the 

addition of DNP. 

The reduction in inhibitory potency by increase in concentration of a 

chelating agent has been observed in studies on the growth of microorgan- 

isms. Such an inversion effect has been reported for 8-hydroxyquinoline 

on micrococci and streptococci (22), diethyldithiocarbamate on Penicillium 

and Aspergillus (23), and diethyldithiocarbamate on spore formation of 

the fungus, Venturia inaequalis (24). No definite explanation of such 

inversion has been made. 

SUMMARY 

Electron transport in diphosphopyridine nucleotide-linked oxidation 

systems in rat heart mitochondria was found to be inhibited potently by the 

chelating agents 1,10-phenanthroline and 2,2’-bipyridine. The major 

interference of these agents with the operation of the tricarboxylic acid 

cycle is mediated through this inhibition. Increasing concentrations of 

the chelating agents reverse this inhibition which may be correlated with 

previously reported reversals in the depression of growth of microorganisms 

by chelating agents. The inhibition is reduced by 2,4-dinitrophenol, 

Mn++, and higher concentrations of Fe+*+. 1,10-Phenanthroline at a higher 

concentration did not reduce the oxygen uptake but did reduce the P:O 

ratio by 1 unit. It is postulated that the chelating agents form a complex 

with a metal ion which may be involved in phosphorylation coupled to 

the oxidation of intramitochondrial reduced diphosphopyridine nucleotide. 
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ON THE RESTORATION OF FATTY ACID BIOSYNTHESIS 

AFTER FASTING* 

By G. N. CATRAVAS} anp H. 8S. ANKER 

(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 

(Received for publication, October 11, 1957) 

The synthesis of fatty acids (1-3) and the individual enzymes concerned 

with fatty acid metabolism (4) have been studied in detail. It has been 

observed that the rate of fatty acid synthesis decreases after fasting (5-9), 

the effects of which on lipogenesis were observed in many tissues such as 

gut, skin, etc.; the liver, however, appeared to be the most susceptible 

organ (10, 11). 

In the work reported here a substance is described which increases the 

rate of fatty acid synthesis in cell-free liver preparations obtained from the 

livers of fasted rats. This material can be isolated from liver and other 

sources; it has been partially purified and its effect on fatty acid synthesis 

investigated. It appears that the rate of fat synthesis in liver preparations 

depends upon the concentration of this material and it is, therefore, sug- 

gested that its synthesis by the liver serves the function of a biochemical 

control mechanism. A preliminary report of these findings has been made 

(12). 

EXPERIMENTAL 

Female Sprague-Dawley rats weighing 90 to 100 gm. were used in all 

experiments. They were kept at 20° and fed a high carbohydrate, fat-free 

diet ad libitum (fed rats). After 4 days on this diet, rats were fasted for 

30 hours with access to water (fasted rats). The change of liver weight! 

with the duration of fasting is given in Fig. 1. Both fed and fasted ani- 

mals were killed by decapitation and the livers immediately excised and 

chilled in isotonic saline. After blotting, they were transferred onto a 

stainless steel screen (40 mesh) on the bottom of a flattened tube, about 

22 mm. in diameter, and homogenized by a rotating and loosely fitting 

* This work was supported by grants from the National Heart Institute, National 

Institutes of Health, United States Public Health Service. 

t Part of this work was carried out while G. N. C. was the recipient of a stipend 
from the United States Foreign Operations Administration on recommendation of the 

United States National Academy of Sciences. 

1 Occasionally rats were observed to suffer from an infection which manifested it- 
self by watering eyes, sneezing, and lethargy. Such animals, even after 2 days of 

fasting, had livers weighing 5 to 5.5 gm. The homogenates from these livers showed 
only negligible fat synthesis, which could not be increased by liver or yeast extracts. 
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stainless steel pestle (about 1 mm. clearance). 3 to 4 gm. of liver could 
thus be homogenized in about 15 seconds. 

Incubation Medium—Preliminary experiments were carried out in order 
to determine the nature and quantity of the components required for 
maximal fatty acid synthesis in liver homogenates from fed animals. 
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Fic. 1. Weight of liver per 100 gm. of body weight plotted against time of fasting 

TABLE I 

Incorporation of C' from Acetate and Pyruvate into Fatty 
Acids by Liver Homogenates from Fed Rats 

Relative isotope concentration* 

Additions oe, —___—— 

1-C14-Acetate } 2-C'4-Pyruvate 

Nec te Deeds Ghai Silom Gann.d Oegaweee 8 15 

OMEN Cy acenioteeee sina ees 9 | 

NT I 0 os is ence veueseanines | 77 | 47 
WE) Oe GLEN eh cote ion maahiawiatees 100 | 100 
0.008‘ ‘ -+ 0.00025 m CoA...... 84 
I 5 c.cornst x winced S's sx x'e0¥s | 71 | 
OE I or a ccc ocssveneeens 5 

0.008 “ fluoroacetate................. 12 

0.008 ‘‘ ” + 0.008 m fuma- | 

RU et ra Ae Lae Ed eee a 43 

*Relative isotope concentration of isolated fatty acids. The incubations were 
zarried out as described in Table II, except that the components of the medium were 

substituted as indicated. 

ATP,? TPN, CoA, hexose diphosphate, aspartate, ketoglutarate, pyruvate, 

and lactate were without effect, but succinate, fumarate plus fluoroacetate, 

glutamate, and particularly citrate increased the rate of fatty acid synthe- 

sis in the liver homogenates (Table I). The action of citrate was enhanced 

2? The following abbreviations are used: ATP, adenosine triphosphate; AMP, 

adenosine monophosphate; TPN, triphosphopyridine nucleotide; DPN, diphospho- 
pyridine nucleotide; CoA, coenzyme A; GSH, glutathione. 
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if the Mg** concentration was also increased, since the effective concen- 

tration of this ion is apparently decreased by the complex-forming action 

of citrate. The optimal citrate and Mg** concentrations are given in the 

standard medium described below. No consistent increase was observed 

after the addition of any of the compounds mentioned above if citrate was 

already present. An optimal concentration of DPN for maximal fatty 

acid synthesis was found. Incorporation of C'-acetate increased linearly 

for 3 to 4 hours of incubation and then leveled off. The incorporation of 

2-C'4-pyruvate was similarly increased by the addition of citrate (Table I). 

A standardized procedure based on the preliminary results was used in all 

subsequent experiments (Table II). 

Lipide Synthesis in Homogenates from Fed and Fasted Animals—Homog- 

enates of livers from fasted animals incorporated only about one-fourth 

as much acetate carbon into fatty acids as did those from fed animals, in 

accordance with previous observations (8, 9). The added acetate nearly 

saturated the system, so that doubling the acetate concentration increased 

incorporation only by about 20 per cent. The incorporation of acetate 

carbon into the unsaponifiable fraction was also reduced by fasting, as has 

been reported (14). To localize the effect of fasting, liver homogenates 

from both fed and fasted rats were fractionated by centrifugation at 

10,000 X g for 20 minutes; a particulate fraction sedimented which con- 

sisted mainly of mitochondria; the supernatant fluid was decanted. The 

activities of these fractions alone and after recombination are given in 

Table II. The supernatant fluids alone from homogenates of fasted and 

fed animals incorporated nearly identical quantities of acetate carbon. 

Similarly, the mitochondrial fractions of both kinds of homogenates did 

not show significant differences. In the recombination experiments only 

mitochondria from homogenates of fed rats increased the rate of fatty acid 

synthesis when added to the supernatant fluids from either fasted or fed 

animals. Microsomal fractions isolated by centrifugation at 100,000 x g 

for 30 minutes, if added to the supernatant fluids, were without effect. 
To get information on the nature of this effect of mitochondria from fed 

rats, boiled extracts of liver, liver mitochondria, and yeast were prepared, 

and their effects on homogenates from fasted and fed rats tested. The 

boiled extracts seemed to have no effect on the supernatant fluids alone, 

but increased the rate of fatty acid synthesis in homogenates from fasted 

animals over 3-fold (Table III). The incorporation of acetate carbon into 

the unsaponifiable fraction was not affected by the extracts (Table IV). 

If the boiled extracts were added to homogenates from fed rats, fatty acid 

synthesis as measured by incorporation of acetate carbon remained either 

unchanged or was inhibited (Table III). Yeast extract was more inhibi- 

tory than liver extract. A similar inhibition in homogenates from fasted 

animals was observed when the quantity of yeast extract was increased 



~ 

iriewe tt wae se =-- 

672 FATTY ACID RESTORATION AFTER FASTING 

TaBLe II 

Incorporation of C'4-Acetate into Fatty Acids by 

Various Liver Homogenate Fractions 

Homogenate components from 

Relative isotope concentration 

Fed rats | Fasted rats 

Mitochondria a | Mitochondria | sas me Average* Range 
| | 

~ ~ e 3 « | 9 2-14 
é om on _ | 11 | 4-16 
_ - - | & | 2 | 1140 
= so = = 26 14-39 

- - 7 | + | a. | 9-40 
Gi + + _ 24 | 6-38 

+ - - + | 101 | 74-116 
+ + al - | 100 

* Five experiments were carried out. 1 gm. of liver was homogenized in 2.5 ml. 
of a modified Bucher (13) medium containing sucrose, MgCle, nicotinamide, and 

phosphate buffer. The homogenate was centrifuged at 700 X g for 15 minutes and 
the inactive pellet consisting of intact cells, debris, and nuclei was discarded. To 

2 ml. of the supernatant fluid were added DPN, 1-C"*-acetate, citrate, and the de- 

sired test material to give a final volume of 2.5 ml. at pH 7.5. The acetate hada 

specific activity of about 10 uc. of C per mmole. The final concentrations of the 
components were as follows: sucrose, 0.096 M; MgCl, 0.012 M; nicotinamide, 0.022 ; 

potassium phosphate, 0.035 m; DPN, 0.0008 m; potassium citrate, 0.020 M; potassium 
1-C-acetate, 0.004 m. The mixture was incubated in air for 3 hours at 37° in 25 ml. 

Erlenmeyer flasks with swirling. After incubation, the contents were added to 2 

ml. of diethyleneglycol and 2 ml. of 4 mM aqueous KOH and heated at 120° for 1 hour. 

After extraction of the unsaponifiable material with petroleum ether, the mixtures 
were acidified to pH 2 with diluted H2SO, and extracted with petroleum ether. The 
extracts were washed with a 5 per cent solution of acetic acid to dilute the labeled 

acetate and with water until the washings remained neutral. Control experiments 

showed the absence of labeled acetate in such extracts. The residues from the pe- 
troleum ether extracts were dried on aluminum planchets and weighed, and their 

radioactivity was determined in a gas flow Geiger counter. The radioactivity was 

calculated as counts per minute per mg. of fatty acid. The probable counting error 

was in no case greater than +5 percent. In general, the C™ concentrations are given 
relative to the sample containing 0.02 m citrate, which was taken as unity. The 
actual counts obtained for these reference samples varied between 50 and 150 c.p.m. 

per mg. in individual experiments with homogenates from fasted rats and repre- 

sent an incorporation of from 0.02 to 0.06 umole of acetate carbon. The amounts of 

fatty acids which were isolated from both fed and fasted rats varied from 1.5 to 2.5 

mg. per gm. of liver. 

above an optimal value (Table III). A number of compounds were tested 

for their ability to replace the liver or yeast extracts in increasing the syn- 

thesis of fatty acids by homogenates obtained from fasted rats, but no 

other 
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other compound tested could replace the activity of the extracts (Table V). 

In the presence of yeast extract the acetate carbon was mainly in the 

TABLE III 

Effect of Boiled Extracts and Mitochondrial Lysates on 

Fatty Acid Synthesis in Liver Homogenates 

| Relative isotope concentration 

Additions |— ——_ a 

Fasted animals | Fed animals 

100 100 None r oe 

0.1 ml. liver extract (fed rat).........| 140* | 115* 

es-.lCU bi cats aah Sen 180* 125* 
— . DS - FE as ag wee 250* 95* 
04 “ pix liver extract. .............] 185 | 

0.4 “ liver extract (fasted rat)......| 110 | 
0.4 ‘* mitochondrial extract......... 150 

0.2-0.8 ml. mitochondrial lysate..... .| 130-80 

0.1-1.0 ‘* acid-hydrolyzed liver ex- | | 

IE TNE D oon davis dine.oewk wos en 65-85 | 

0.1-1.0 ml. ash solution from liver ex-| 

tract (fed rat)........ preg ace 80-95 

0.005 ml. yeast extract................| 178 

0.1 ml. yeast extract.................. 320 | 37* 
ae = esterase abheweereee 160 
—— Me eed ch eaceereee 72 | 

* Average of several experiments. 

Incubation procedure as in Table II. Liver extracts: 10 gm. of fresh liver were 

dropped into 25 ml. of boiling water and boiled for 2 minutes. The mixture was 
cooled, and the solid material ground with mortar and pestle. It was made to the 

original volume with water, boiled again for 3 minutes, cooled, and centrifuged at 
700 X g for 15 minutes. The pellet was inactive. Boiled extracts from pig liver 

and rat liver mitochondria were prepared in the same manner. Mitochondria ly- 

sates: 1.6 gm. of wet mitochondria were dispersed in 4 ml. of water and left at 4° 
for 90 minutes. The dispersion was centrifuged at 10,000 X g for 30 minutes. Acid 

hydrolysis: 5 ml. of boiled extract and 1 ml. of 1 N HCl were heated in a boiling water 
bath for 30 minutes. This treatment destroyed the activity of the extract. Ashing: 
2 ml. of boiled extract were ashed in a platinum crucible, the residue was treated 
with 2 ml. of boiling water, and filtered. Yeast extract: a boiled extract from yeast 

was prepared in the same manner as the liver extract. It was centrifuged at 20,000 

Xgforl hour. The precipitate as well as a fatty layer floating on top was inactive 
and was discarded. 

esterified fatty acid fraction, since extraction before hydrolysis yielded only 

a small amount of isotope in the unesterified fatty acid fraction. Upon 

decarboxylation of the isolated fatty acids the ratio of the isotope concen- 

tration in the carboxyl group to that of the amine was 2.6 in the absence 

and 2.1 in the presence of the yeast extract (Table VI). 
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The aqueous yeast extract was an even better source of the active ma- 

terial than was the liver extract (Table III). It was stable if treated with 

equal volumes of 0.1 N formic acid either for 3 hours at 37° or 48 hours at 

TaBLE IV 

Effect of Boiled Rat Liver Extract on Acetate Incorporation into Unsaponifiable 
Fraction of Homogenates from Fasted Animals 

Additions Relative sotope concentration* 

Pt fle oat ans Sth od atandares Peers akc n 100 
ee re Baa tan 120 
0.2 * bai FePa tig ora icele see ewan eaten aires 5a 110 

oe _ gE Ee OT EPC Fa ee eee 75 

0.5 * - pad his ee ERS a oe 105 

* Average of two experiments. Incubation procedure as in Table II. 

TABLE V 

Effect of Additions on Fat Synthesis in Liver Homogenates from Fasied Rats 

Additions Relative isotope concentration 

a rat tise ar etn hay. 4, baie aed ASTIN & bio Neca aia 100 

erm NR NINO rs rend cip.5'y's GiluhsSiaisiee naeeedaviceea 800* 
0.4—4 mg. per 100 ml. glycogen ....................... 70-120f 

0.0008-0.04 m hexose diphosphate..................... 195-5t 
0.00004-0.0016 um glyoerol....... 2.20.56. c ce eee eee. 130-80t 

0.000026-0.0005 m glycolic acid..................... 70-115f 
a ES ESO Cer ee ee Ly 88 

ES ysis xa Gach «alae RCW a DURE AR Ode dl 55 

EI ten Coie rage wieebtncmalnds sie Smid esdierd 65 

I EP oe cas ccs ewevbsdcedcbbedeussdu se | 70-105t 
EE CaP So a tiais wat cake vcs Sa dstaWwes oi 93 

ee ND Feo oi ioe clic sinsice exe e sais wereecdve | 70 

0.000004-0.0025 m cocarboxylase...................... 140-75t 

0.00000016-0.0025 M lipoic acid....................... 15-1f 

0.000008 m lipoic acid + 0.00008 m cocarboxylase..... 130 

O.GGG0GR-O.G006 mt lecithin. ... 0... ccc cca ee. 110-90t 

* Average of several experiments. 

+ Range for several concentrations. Incubation procedure as in Table II. 

0°, but it lost its activity in the presence of an equal volume of 1 N formic 

acid. Similar treatment with 0.001 N ammonia resulted in a loss of activity 

which was more pronounced at 37°. The active ingredients were not 

precipitated with ammonium sulfate; they remained in the aqueous phase 

after extraction with ether or butanol and only about one-third dialyzed 

through cellophane tubing in 40 hours. Incubation with a- or B-amylase 
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and pepsin for 2 hours at 37° did not seem to inactivate the material 

markedly. The active ingredient was removed by charcoal from solution 

but it was not possible to recover any activity from the charcoal by elution 

with water, pyridine, or phenol. It did not absorb well on cellulose, diato- 

maceous earth, or a number of ion exchange resins. However, passage 

through resin columns increased the specific activity of the material con- 

siderably, since large amounts of inactive compounds were retained by the 

columns. 

Purification by Ion Exchange—Dowex 1 formate was prepared (17) by 

suspending the commercial resin (chloride form) in water to eliminate the 

extremely fine and coarse particles. The resin was treated with a 3 m 

aqueous solution of sodium formate until no more chloride ion could be 

TaBLe VI 

Distribution of Acetate Carbon in Fatty Acids from Liver Homogenates of Fasted Rats 

Relative isotope concentration* 

Fraction — 

Without yeast extract With yeast extract 

Isolated fatty acids Pere: epee 100 100 

Carboxyl carbon..... eihee cen 240 202 
Decarboxylation residue.............. 89 98 

* Counted as infinitely thick samples of BaCO;. Incubation procedure as in 
Table IT. 

The isolated fatty acids were diluted with ordinary palmitic acid and decarboxy- 

lated with sodium azide in sulfuric acid (15). The evolved carbon dioxide was pre- 

cipitated as barium carbonate, as was the carbon dioxide obtained by dry combus- 

tion of the remaining amine and of a sample of the fatty acids themselves. All 
samples were counted as infinitely thick layers in a gas flow counter (16). 

removed, and then with water. It was poured as a thin slurry into a 

column and washed, before use, with 5 to 10 bed volumes of a mixture of 

6 N formic acid and 1 m sodium formate (1:1), with several bed volumes of 

88 per cent formic acid, and finally with water until the effluent was neu- 

tral. 

Dowex 50 ammonium resin was prepared by treating the commercial 

product with 1 n HCl to remove any sodium ions and with water until 

neutral. This was followed by treatment with 1 N aqueous ammonia until 

ho more ammonium ions could be absorbed by the resin, and by washing 

with water to neutrality. 

10 ml. of centrifuged yeast extract were concentrated 5-fold in vacuo 

and added to a Dowex 1 formate column (0.8 X 22 cm.), and the column 

was washed with water until the active material was eluted. It emerged 

in the 50 and 65 ml. fraction. The first 50 ml. of eluate contained a large 
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amount of inactive material and other inactive material remained on the 

column. About 2.5 per cent of the solute was recovered in the active 

fraction. The material was rechromatographed on an identical Dowex | 

formate column with about 14 per cent recovery of solute containing nearly 

all the activity and then passed through a Dowex 50 ammonium column 

(0.8 X 10cm.). The active material emerged in the first eluate and some 

inactive solute remained adsorbed. The over-all purification achieved by 
this procedure compared to the original yeast extract was about 400-fold. 
The total activity recovered in the partially purified extract was the same 

as or somewhat larger than the activity of the crude extract in spite of the 
losses inherent in any purification procedure (Table VII). 

TaBLe VII 

Effect of Fractions Eluted from Dowex 1 Formate and Dowex 50 Ammonium Columns 
on Incorporation of Acetate Carbon in Homogenates from Fasted Rats 

| Relative isotope concentration 

Additions — 
| Dowex 1 | Dowex 50 

RE ee ero ee | 100 | 100 

O05 mil. yeast Gxtraet......... 2.605025; 915 80 

a ai 390 2050 

oma “ ” Bp akarerecharas tier Sanayi 380 220 

0.01 “ A) asks a8 ne sain tome | 230 | 180 
0.01 “ a, ere | 185 95 
0.01 *“ - DRG Aiee olla oc ewabee shies | 3100 115 

0.01 “ ME Wea cdcithisadiadcses | 940 185 
0.01 “ OE SMa cake Dea duioes astwrionsate | 320 | 125 
RE OO PB scars cusd ehivcds | 385 | 100 

Incubation procedure as in Table II. 

DISCUSSION 

Harrison (18) studied the effect of fasting on the composition of the liver. 

It was found here that the rate of lipide synthesis decreased approximately 

with the time of fasting and with the decrease in relative liver weight (Fig. 

1). The fatty acid content of liver homogenates was considerably smaller 

than that of whole liver, but no consistent differences between homogenates 

from fasted and fed animals were observed. 

Fasting decreased the rate of synthesis of fatty acid as well as that of 

cholesterol (14). This effect of fasting has been reported for rat liver 

slices in vitro (19) and in cell-free rat liver homogenates (12). Similar 

results were obtained with pigeon liver preparations in vitro (20, 21). 

The duration of fasting determined the rate of acetate carbon incorpora- 

tion into the fatty acids. The rate remained at a constant level for about 
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6 hours and then decreased until after 18 to 24 hours it reached a value of 

one-fifth to one-tenth of the original rate (8). It had been shown that, 

upon feeding of a single dose of carbohydrate but not of fat or protein, 

the liver regained the capacity to synthesize fats in about 5 to 6 hours, 

even after extended periods of fasting (8). After carbohydrate feeding 

the rate was observed to increase temporarily even above the non-fasting 

rate. It follows, therefore, that, upon carbohydrate feeding, the liver can 

synthesize from the materials already present in the animal the missing 

substance or substances that permit the complex fatty acid synthesizing 

system to operate at maximal rate. 

The presence of intact mitochondria was required for maximal acetate 

carbon incorporation (Table II), and, except for added DPN and citrate, 

no other coenzymes or substrates consistently improved the rate of acetate 

incorporation. These observations are in agreement with the results of 

Dituri et al. (22), who also showed that homogenization of rat liver in the 

presence of electrolytes rendered soluble the mitochondrial enzymes par- 

taking in fatty acid synthesis. This observation most probably accounts 

for the results of Porter and Tietz (23) and of Langdon (24), who found that, 

after homogenization in buffer, fatty acid synthesis occurred only in the 

supernatant fluid and was not increased by adding mitochondria. Shaw 
et al. (25) reported that for incorporation of pyruvate carbon the addition 

of butyryl coenzyme A to mitochondria can, at least in part, replace the 

requirement for the supernatant fluid. It would, therefore, appear very 

likely that in the intact cell both the fatty acid oxidizing and the syn- 

thesizing enzymes were contained in the mitochondria and that these en- 

zymes were, at least in part, extracted during destruction of cell integrity 

in ionic surroundings. 

Further, the difference between homogenates from fed and fasted ani- 

mals resided exclusively in the mitochondria (Table II). Not only was 

the rate of acetate incorporation in supernatant fluids from fed and fasted 

animals identical, but the addition of mitochondria to these supernatant 

fluids gave the following results: The addition of mitochondria from fasted 

rats was without effect, whereas the addition of mitochondria from fed 

animals increased the synthesis about 4-fold. Both kinds of mitochondria 

were quite inactive by themselves. The incorporation of acetate carbon 

into fatty acids by homogenates from fasted rats could be increased several- 

fold if boiled extracts from liver, mitochondria, or yeast were added (Table 

III). Such extracts had no effect on the supernatant fluid in the absence 

of mitochondria, and extracts similarly prepared from livers of fasted 

animals were inactive. In contrast to previous experiments with pigeon 

liver homogenates (20, 21), it was found here that glycogen, hexose di- 

phosphate, or other glycolytic intermediates and coenzymes could not 

replace the liver or yeast extracts. 
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It is at present not clear whether inhibition by high concentrations of 

yeast extract was an inherent property of the active material in these 

extracts or whether the extracts contained an antagonist which at higher 
concentrations interfered with fatty acid synthesis. Since the active 

ingredient could be obtained from the livers of fed rats, a liver homogenate 

prepared from fed animals apparently already contained an optimal con- 

centration of this material. It seemed that the purified material was legs 

inhibiting than the crude yeast or liver extracts. A given quantity of 

purified material, with constant activity calculated relative to the original 

yeast extract, gave the same increase of acetate incorporation. However, 

more of the purified substance could be added before synthesis became 

inhibited, and thus a higher absolute rate of fat synthesis was obtainable, 

The active material apparently is devoid of charged groups since it 

could not be absorbed on either basic or acidic ion exchange resins. It was 

precipitated by alcohol and was not extractable by organic solvents; these 

results indicate a large number of hydrophilic groups. Since it dialyzed, 

albeit slowly, through cellophane membranes, its molecular weight can not 

be very high. It is possible that the material aggregates on purification 

since no repulsive charges appear to be present on the surface of the mole- 

cule. Its solubility resembled that of glycogen, but glycogen could not 

substitute for it (Table V). 1 y of the purest material obtained so far was 

estimated to permit the incorporation of 1 umole of acetate carbon in the 

presence of a homogenate obtained from 1 gm. of rat liver incubated for 3 

hours. The determination of the composition of this material is at present 

being undertaken. 

Rittenberg and Bloch (3) found that the carbon atoms of acetic acid 

were uniformly distributed along the fatty acid chain. Such a uniform 

distribution was also observed in fatty acids synthesized by pigeon liver 

preparations in vitro (26). However, in experiments of Zabin (19) with 

fasted rats in vivo, excess acetate carbon was found in the carboxyl group, 

and in slices of rat liver in vitro the excess isotope in the carboxy] position 

varied inversely in proportion to the rate of fat synthesis in the individual 

experiments. In recent experiments of Porter and Tietz (23) with purified 

pigeon liver preparations, the major fraction of the labeled carbon was 

found in the Cy, and Cy. acids, and the carboxyl group contained only 

slightly less than the expected amount of isotope; these results indicate 

nearly uniform incorporation into the whole chain. 

In the experiments reported here, the fatty acids synthesized by homog- 

enates from livers of fasted rats contained more isotopic carbon in the 

carboxyl group than twice that in the remainder of the carbon chain 

(Table VI); this result indicates that, in part, preformed fatty acids were 

elongated by 1 acetate unit. In contrast, in the homogenates supplemented 
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with yeast extract, the carboxyl group contained exactly twice the average 

isotope concentration, as would be expected for total synthesis. Since 

liver homogenates contained much less fat than slices, and thus a lesser 

amount of fatty acid available as substrate for elongation, it was not sur- 

prising that the excess carboxyl isotope observed in these experiments was 

smaller than that found in the slice experiments (19). 

The inhibition of acetate incorporation by lipoic acid at very low con- 

centrations and the reversal of this inhibition by cocarboxylase (Table III) 

have so far not been further investigated. This observation differed from 
the results obtained by Porter et al. (27) in pigeon liver preparations. 

The concentrations of the enzymes concerned with fatty acid synthesis 

and of their cofactors in the liver were apparently not changed by fasting 

since addition of liver or yeast extract immediately restored fatty acid 

synthesis. It seems clear, therefore, that the active ingredient contained 

in these extracts acted indirectly to control the rate of synthesis. It was 

observed that acetate oxidation was not increased in liver slices from fasted 

rats (9), and since acetate was present in non-limiting quantities in the 

experiments described here, it seems unlikely that the yeast extract blocked 

acetate oxidation. Whereas the mechanism of action remains at present 

unknown, it appears that there are the following possibilities: either fatty 

acid oxidation is inhibited and the concentrations of intermediates from 

carbohydrate breakdown increase until conditions favorable for fatty acid 

synthesis are reached, or the interaction of a critical intermediate ( a reduced 

hydrogen carrier might serve as such an example) with the fatty acid 

synthesis complex is promoted. Experiments carried out to investigate 

this mechanism have not yet given conclusive results. 

SUMMARY 

A factor was found to be present in the liver of normal rats and pigs 

and in yeast which, when added to a liver homogenate from fasted rats, 

increased the rate of incorporation of acetate carbon into fatty acids. Up 

toa 30-fold increase was obtained with material from yeast which had been 

purified approximately 400-fold and appeared to act in catalytic amounts. 

The substance lost its activity if treated with 1 n hydrochloric acid, was 

stable in 0.1 N formic acid, and was partly destroyed above pH 9. Al- 

though it did not seem to contain free acidic or basic groups, it was soluble 

only in water. The concentration of this material in the liver seemed to 

depend upon the nutritional state of the animal and to control the rate of 

fatty acid synthesis in this organ. 

The implications of this finding relevant to the biosynthesis of fatty 

acids were discussed. 
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A NEW ETHANOLAMINE-CONTAINING LIPIDE 

FROM EGG YOLK* 

By HERBERT E. CARTER, DONALD B. SMITH,{ anv D. N. JONESt 

(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 

University of Illinois, Urbana, Illinois) 

(Received for publication, November 27, 1957) 

Recent studies of egg yolk lipides and lipoproteins, and in particular 

the results of the chromatographic procedures of Lea and coworkers 

(1-5), have caused renewed interest in egg yolk, which many years ago 

was considered the most important source of phosphatides for both scien- 

tific and commercial purposes. Lea and Rhodes have extensively studied 

the phospholipide content of egg yolk (1-3), whereas Lea and Hawke 

(4, 5) have worked mainly on the lipoproteins. Despite the attention 

given to egg yolk lipides, very few data are available on the sphingolipide 

constituents. In undertaking a study of this fraction, we prepared a 

considerable quantity of crude egg yolk phosphatide! and subjected this 

material to the mild alkaline hydrolysis procedure of Schmidt et al. (6). 

The resulting crude sphingolipide fraction contained both cerebroside 

and sphingomyelin as determined by paper chromatography of the intact 

lipide mixture and of its hydrolysis products. Glycerol, inositol, and 

their phosphates were not detected in the hydrolysates but the intact 

crude sphingolipide mixture gave a positive ninhydrin test and an acid 

hydrolysate contained ethanolamine and ethanolamine phosphate. Since 

none of the known phospholipides (except sphingomyelin) is stable to 

mild alkaline and acid hydrolysis (6), these unexpected observations 

could reasonably be interpreted as indicating the presence in egg yolk 

lipides of the ethanolamine analogue of sphingomyelin (I) (tentatively 

designated as sphingoethanolamine). 

This substance has not been isolated from natural sources, although 

there are numerous indications in the literature of its possible existence. 

*This work was supported by a generous grant from the Procter and Gamble 

Company and in part by a research grant (No. B574-C3) from the National Institutes 
of Health, United States Public Health Service. A preliminary report of this work 

was presented (Federation Proc., 16, 817 (1957)). 

t Postdoctorate research associate in chemistry, 1955-57; present address, 13 
Corby Avenue, Swindon, Wiltshire, England. 

t Postdoctorate research associate in chemistry, 1956-58. 

‘The starting material for these studies was 50 pounds of “egg oil’’ obtained 
through the courtesy of the VioBin Corporation, Monticello, Illinois. The authors 

wish to express their appreciation to Mr. Ezra Levin for providing this material. 
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CH;(CH2),2CH==CH—CH—CH—CH:.—O—P—O—CH:- CH2-NH2 
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OH NH OH 
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| 
R 
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Thus Dawson (7) found that the ‘“alkali-stable” cerebral lipides gave 

choline to phosphorus ratio of less than 1, indicating the presence of 

sphingolipides other than sphingomyelin. Brante (8) and Edgar (9, 10) 

have reported that certain cephalin fractions isolated from cerebral tissue 

contained alkali- and acid-stable lipide phosphorus although no choline 

was present. More recently Weiss (11) has observed a ninhydrin-positive 

component of the sphingolipide fraction obtained by column chromatog. 

raphy of brain lipides. And finally, a novel, alkali-stable lipide of a 

different type has been reported by Mallov et al. (12), who obtained 

sphingomyelin phosphorus values in excess of the total sphingosine content 

on sphingolipide fractions prepared from heart lipides by the Schmidt 

procedure (6). In view of these indications of the possible existence of a 

novel “alkali-stable”’ lipide, it seemed of interest to attempt the isolation 

of the ninhydrin-positive constituent. 

The crude lipide fraction obtained from the mild alkaline hydrolysis of 

egg phosphatide was fractionated on a silicic acid column by eluting with 

increasing concentrations of methanol in chloroform. Four main fractions 

containing ceramide, cerebroside, ethanolamine-lipide plus cerebroside, 

and sphingomyelin were eluted by 5, 15, 55, and 70 to 90 per cent methanol, 

respectively, in chloroform.2 Further fractionation of the mixture of 

ethanolamine-lipide and cerebroside by column chromatography could not 

be achieved either on silicic acid or on alumina columns. The two com- 

ponents were separated by chromatography on silicic acid-impregnated 

paper (13) with chloroform-methanol as solvent, but at this time a more 

promising method for the purification of the crude ethanolamine-lipide 

was obtained by a combination of solvent and column procedures. Treat- 

ment of the crude sphingolipide mixture with pyridine removed the bulk 

of the cerebroside as the soluble fraction, which was ninhydrin-negative. 

Treatment of the pyridine-insoluble residue with cold acetic acid left an 

insoluble material which contained mainly cerebroside. Addition of 

acetone to the acetic acid solution precipitated a ninhydrin-positive frac- 

* These results closely parallel those reported by Weiss (11) in the fractionation 

of brain sphingolipides. 
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tion which still contained a little cerebroside. However, further additions 

of acetone gave three more fractions, all cerebroside-free, the first two 

being strongly ninhydrin-positive. Application of the silicic acid column 

procedure to these fractions gave 235 mg. of the ethanolamine-lipide 

uncontaminated with cerebroside. 

To our surprise, this cerebroside-free material showed no long chain 

base nitrogen by the McKibbin-Taylor procedure (14); this result ruled 

out the sphingoethanolamine structure (I). No glycerol or glycerol 

phosphate was detected by paper chromatography of acid or alkaline 

hydrolysates, but the chloroform-soluble extract from the McKibbin- 
Taylor hydrolysis contained a ninhydrin-negative phosphatidic acid-like 

component. The marked stability of this material excluded the possible 

presence of an ester, acetal, or vinyl ether group. Several types of struc- 

ture were considered but the most interesting possibility was that the 

ethanolamine-lipide contained an ether linkage and was analogous in 

structure to the saturated ether (III) obtained by Rapport et al. (15) by 

reduction of lysophosphatidal ethanolamine (II). The phosphatidic acid 
would then have Structure IV. 

CH.0H 

R—CH=CH—O—CH O ai 
| | | 

CH.—O—P—O—CH.CH:NH:2 
| 

OH 

(I) 

CH.0H CH:0H 
| 

RCH;CH;O—CH 0 RCH:CH:0O—CH Oo 
| | | 
CH:O—P—OCH:CH:NH; CH,—O—P—OH 

OH OH 
(I) (IV) 

This view was supported by the following evidence: (1) Glycerol de- 

terminations and elementary analytical data were in satisfactory agree- 

ment with the postulated structure. (2) Hydrolysis with acid or alkali 

gave as the main products ethanolamine and a chloroform-soluble phos- 

phatidic acid. Little or no water-soluble phosphate was produced. (3) 

The infrared spectrum of the ethanolamine-lipide showed a strong poly- 

methylene peak (1470 cm.-') but was devoid of amide or ester peaks. 

Furthermore, the spectrum contained a definite peak at 1118 em.—! which 

is characteristic of a number of long chain ether derivatives of glycerol 
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(range 1114 to 1119 em.—), including batyl and chimy] alcohols and their 

diacetates. 

To substantiate further the postulated structure, advantage was takep 

of the observation of Malkin and coworkers (16) that phosphate esters 

are cleaved by a refluxing acetic anhydride-acetic acid mixture. Ap. 

plication of this procedure to the ethanolamine-lipide readily yielded 

phosphorus-free material, the solubility and melting point behavior of 

which were closely similar to those of the diacetates of glycerol a- and 

8-octadecyl ethers’ (17, 18). The infrared spectra of the three substances 

proved to be identical and the presence of a strong ether band at 1118 

em.— in each affords conclusive proof of the presence of the glycerol ether 
structure. 

These data provided no evidence on the position of attachment of the 

ether moiety to glycerol, nor does consideration of the possible biosynthetic 

relationships between the ethanolamine-lipide and the known naturally 

occurring long chain ethers of glycerol provide any ‘indication of the 

position of attachment. Naturally occurring long chain ethers of glycerol 

fall into two categories: the saturated ethers, batyl and chimy] alcohols 

(octadecyl and hexadecyl glycerol ether, respectively), in which the point 

of attachment is at the a position, and the vinyl ethers which are present 

in the plasmalogens, in which the point of attachment is in contention. 

Rapport and Franzl (19) have provided strong enzymatic evidence for the 

8 attachment of the vinyl ether group, but recently chemical evidence for 

the a-vinyl ether structure also has been presented (20). Since there was 

no basis for preference of either structure, it was desirable to investigate 

this point further. The glycerol a-ether structure was conclusively es- 

tablished by periodate oxidation and by proton magnetic resonance studies. 

The glycerol ether diacetate, obtained by degradation of the ethanolamine- 
lipide, and batyl alcohol diacetate upon hydrolysis and treatment with 

periodate reduced 1 mole of reagent, whereas a synthetic 6-ether did not 
reduce periodate. This result was confirmed by comparison of the proton 

magnetic resonance spectra of the degradation product (diacetate) with 

those of the following compounds: the diacetates of a- and 8-octadecyl 

glycerol ethers, a ,8-diacetyl-a’-stearin,’ a ,a’-diacetyl-8-stearin,’ and n-pro- | 

pyl hexadecyl ether. The chemical shifts obtained, expressed in cycles per 

second relative to water, are shown in Table I and Fig.1. The assignments 
made for the characteristic shifts are given in Fig. 1. The validity of these 

assignments is substantiated by the correspondence of the type (singlet, 

doublet, triplet, etc.) and relative intensities of the bands with those pre- 

dicted (Table II) from the number and location of like hydrogen atoms. 

’ The authors gratefully acknowledge samples of various a- and 8-glycerol ethers 

from Dr. Erich Baer, Dr. T. Malkin, and Dr. P. E. Verkade, and of the steary! dia- 

cetins from Dr. William Griebstein of the Procter and Gamble Company. 
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The identity of the spectra of synthetic a-octadecyl glycerol ether di- 

acetate and of the degradation product, together with the assignment of 

the chemical shifts (Fig. 1), showed beyond all doubt that the two com- 

pounds have identical structures. 

In view of these results, the ethanolamine-lipide and the derived phos- 

phatidie acid are assigned Structures V and VI, respectively. (It is as- 

sumed that the phosphorylethanolamine group is attached in the a position 

by analogy with the known phosphatides of similar composition. How- 

TABLE | 

Proton Magnetic Resonance Spectra of Glycerol Derivatives 

Resonance bands in cycles per second relative to water. 

Compound Band 1 Band 2 Band 3 Band 4 Band 5 | Band 6 

n-Propyl hexa- 

decyl ether. ... +56 (t) +140 | +155 
6-Stearyl a,a’-di- 

acetate...... —20 (qt) | +16 (d) +104 (s) | +137 | +151 

a’-Stearyl a,-di- 

acetate...... —23 ‘“ +16 ‘“ +105 “* | +138 | +154 

a-Octadecyl glyc- 

erol ether diace- 

tate... One —-19 ‘* +20 (d*) | +51 (d) +108 ‘© | +141 | +156 

6-Octadecyl glyc- 

erol ether diace- 

tate. ee +24 (d) +46 (t + qt) | +107 “ +138 | +153 

Degradation prod- 

uct (diacetate)... —21 (qt) | +16 (d*) | +50 (t) +106 “ | +140 | +155 

Resonance bands marked s, d, t, qt appeared as singlets, doublets, triplets, and 

quintuples, respectively. d* signified two superimposed doublets. Bands not 

marked appeared as single unresolved bands, or multiplets. 

ever, this point will be confirmed when larger amounts of material become 

available.) 

CH:OCH:R CH,OCH2R 

CH—OH CHOH 

O O 

| 
CH.0—P—O—CH:2CH:2NH, CH:0—P—OH 

OH OH 

R = C,7Hs;; 

(V) (VI) 
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One property of the ethanolamine-lipide, namely its stability to hy- 

drolysis in the Schmidt procedure (6), deserves further comment. A 

3 4 5 : 1 _ ; [i eee 

Fic. 1. Proton magnetic resonance spectra of glycerol derivatives. The cycles 

per second shifts, caleulated against water as the standard, are given in Table I and 

the assignment of the numbered peaks is given below. Band 1, a quintuplet arising 
from the lone 8-hydrogen atom. Of the compounds studied, only those with a 

8-ester group showed this proton resonance. This result is anticipated by the greater 
inductive unshielding effect of the ester group than of that of the ether oxygen; the 

proton resonance of the 6-hydrogen thus occurs at a lower field in the compounds 

with a §-ester than with a 8-ether group; Band 2, a doublet in a,a’-diacetyl-8-stearin, 

a,8-diacetyl-a’-stearin, and 8-octadecyl glycerol ether diacetate arising from the 

four equivalent a-CH2 hydrogens. In a-octadecyl glycerol ether diacetate, it is 

composed of two doublets arising from the two non-equivalent hydrogens on the 

«’-carbon atom; Band 3, this arises from the hydrogens adjacent to the ether oxygen. 

It occurs as a triplet in n-propyl octadecyl ether and 8-octadecyl glycerol ether 

diacetate, and a superimposed doublet and triplet in a-octadecyl ether diacetate; 
Band 4, the shift (singlet) due to the hydrogens of the ester methyl groups. The 

shoulders on the left side of this band in the second and third spectra are due to the 

methylene group @ to the ester carbonyl! in the long chain; Band 5, proton resonance 

of the hydrogen atoms in the polymethylene chain; Band 6, the shift due to the 

hydrogens of the methyl group in the polymethylene chain. 

number of compounds containing the phosphate diester group with a free 

hydroxyl group on the adjacent carbon are readily cleaved by mild alkaline 

reagents and this is true in the case of glycerylphosphorylcholine. How- 

ever, Schmidt et al. (21) have shown that glycerylphosphorylethanolamine 
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is moderately stable toward alkali (treatment with 1 N sodium hydroxide 

for 30 minutes at 100° gave incomplete hydrolysis), so that the stability of 

the ethanolamine-lipide in 1 N alkali at 37° may not be surprising. For- 

tunately, in Malkin’s laboratory an excellent model compound (VII) had 

been prepared synthetically and we are grateful to Dr. Malkin for making 

asample available tous. This substance under the Schmidt (6) conditions 

TaB_Le II 

Predicted Relative Intensities of Proton Magnetic Resonance 
_ Bands of Glycerol Derivatives 

B-Octadecyl glycerol ether diacetate | a-Octadecyl glycerol ether diacetate 
} = : 

Resonance band | | | 

| rs } 5)4)/ 8 | 2}1}] 8) 4]37)] 2 
Predicted relative | | | - 

intensity........| 30 | 6 3 | 4 | | 30 6 a 2 

Predicted band | | oe aes | Ee 
Sree s |t+ qt | g d d* | qt 

The symbols s, t, d, qt, and d* are explained in Table I. 

lost the ester group but only a small fraction of the ethanolamine was 

cleaved off. 

CH:0(CH:2),;CH; 

CH—O—CO(CHz2); «CH; 

0 
| 

CH:—O—P—OCH,CH:NH; 

OH 

(VID 

Thus the behavior of the ether phosphatide is similar to that of glyceryl- 

phosphorylethanolamine. 

It seems entirely possible that the anomalous behavior of lipides reported 

by others may result from the general occurrence of similar ether phospha- 

tides. Such compounds would behave in the same way as “cephalin B” 

of Brante (8), and would account for the high phosphorus values of Mallov 

et al. (12) and the low choline to phosphorus ratios of Dawson (7). In our 

laboratories, brain sphingolipides (purified by the Schmidt procedure) have 

given ninhydrin and glycerol determinations, indicating the presence of 1 

to 2 per cent of a glycerophosphatide capable of withstanding the alkaline 

and acidic hydrolysis procedure. The sphingolipides (sphingomyelin, cere- 
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broside, ceramide, etc.) are stable toward mild alkaline treatment and the 

material obtained by the alkaline saponification procedure of Schmidt et al, 

(6) has been designated, usually, as the sphingolipide fraction. The dis- 

covery of a glycerol ether phosphatide in this fraction makes it undesirable 

to continue this practice. The term “alkali-stable” lipides might be a 

more appropriate designation for this fraction. 

The discovery of an ether glycerophosphatide in egg yolk raises several 

interesting questions. What is the substance originally present in egg yolk 

lipide? In view of the hydrolysis procedure employed, the ethanolamine- 

lipide actually isolated might well have arisen by degradation of an esteri- 

fied derivative (VII). We are now attempting to isolate the original 

lipide by non-hydrolytic procedures in order to answer this question. The 

distribution of ether phosphatides in animal and plant tissues and their 

metabolic origin and possible physiological effects (including thromboplastie 

activity) pose interesting problems. Karnovsky et al. (22, 23) have investi- 

gated the distribution and metabolism of glycerol ethers in the starfish and 

Karnovsky (24) has reported evidence for the possible existence of glycerol 

ether phospholipides in this marine animal. Bergstrém and Blomstrand 

25) have reported studies on the absorption, distribution, and metabolism 

of chimy] alcohol in the rat. Extension of such experiments should clarify 

possible metabolic interrelationships of the glycerol ethers, the corre- 

sponding phospholipides, and the acetal phospholipides. 

EXPERIMENTAL 

Preparation of Crude Sphingolipide from Egg Y olk—Egg yolk phosphatide 

was obtained by exhaustive extraction of egg oil (10 kilos) with acetone. 

The dried insoluble phosphatide (about 1947 gm.) gave the following ana- 

lytical figures: total N 2.17, total P 3.13, LCB N* 0.078. 

This phosphatide was hydrolyzed by the mild alkaline procedure of 

Schmidt et al. (6). 100 gm. of phosphatide were suspended in 2500 ml. of 

1 n KOH and the mixture was shaken for 24 hours at 37°. The emulsion 

was neutralized with 500 ml. of 5 n HCl and brought to pH 1 with hydro- 

chloric and formic acids. After standing for 1 hour in order to destroy 

acetal lipides, 5 liters of acetone were added and the solution was centri- 

fuged after the fatty acids had dissolved. The residue was washed with 2 

per cent aqueous hydrochloric acid-acetone (2:4), then with acetone, and 

was filtered and dried over P,O; in a vacuum desiccator. From a total of 

1215 gm. of phosphatide, 20.9 gm. (1.7 per cent) of crude sphingolipide 

fraction were obtained. This material, upon analysis, was as follows: 

total N 2.73, total P 1.8, LCB N‘ 1.06. It is obvious from these data that 

a considerable proportion of sphingolipide was lost in the supernatant solu- 

tions. 

4 Long chain base nitrogen as determined by the McKibbin-Taylor procedure. 

Pe 

in 1 

chlo1 

The 

No. 

tact 

on V 

meth 

Re 

spray 

mint 

line 

acid, 

stan 

with 

and 

ultra 

the § 

Cc 

as de 

acid 

grap 

2.2 ¢ 

form 

until 

thin 

30, é 

volu 

samy 

can 

prese 

were 

tions 

fract 

l an 

(gale 

varic 

Typ’ 

the ¢ 

P; 

tion 

rem¢ 

gave 



the 

al. 

dis- 

ble 

ea 

eral 

rolk 

ine- | 

eri- 

inal | 

The 

heir 

stic 

sti- 

and 

erol 

and 

‘ism 

rify 

rre- 

tide 

one. 

e of 

1. of 

sion 

dro- 

troy 

ntri- 

th 2 

and 

al of 

pide 

OWS: 

that 

solu- 

re. 

H. E. CARTER, D. B. SMITH, AND D. N. JONES 689 

Paper Chromatography—Lipide samples (10 to 50 mg.) were hydrolyzed 

in 1 to 5 ml. of acid or base. The insoluble residue was extracted into 

chloroform and the water-soluble phase was neutralized and lyophilized. 

The water-soluble hydrolysis products were chromatographed on Whatman 

No. 540 acid-washed paper in isopropanol-acetic acid-water (3:1:1). In- 

tact lipides and some chloroform-soluble materials were chromatographed 

on Whatman No. 3 paper impregnated with silicic acid according to the 

method of Lea, Rhodes, and Stoll (13). 

Reagents—Papers, after development and removal of solvent, were 

sprayed with ninhydrin (0.5 per cent w/v) in pyridine and heated for 5 

minutes at 95° to detect substances containing free amino groups. Cho- 

line was detected by spraying with 2 per cent aqueous phosphomolybdic 

acid, followed by washing and reduction to molybdenum blue with acid 

stannous chloride (13). This spray can be used after the ninhydrin reagent 

with good results. Phosphorus was detected by spraying with the Hanes 

and Isherwood reagent (26), followed by exposure to bright sunlight or 

ultraviolet light. Bright blue spots were obtained, quite different from 

the greenish blue inorganic phosphate spots. 

Column Chromatography—Silicic acid columns were prepared essentially 

as described by Lea, Rhodes, and Stoll (13) by mixing a slurry of silicic 

acid (Mallinckrodt’s silicic acid, reagent 100 mesh suitable for chromato- 

graphic analyses) in chloroform-methanol (4:1), pouring it intoa column of 

2.2 em. diameter, and washing the column, when settled, with the chloro- 

form-methanol mixture. Finally the column was washed with chloroform 

until transparent. The crude sphingolipide was added in chloroform as a 

thin band and eluted first with chloroform and then with mixtures of 5, 15, 

35, 55, 70, and 90 per cent methanol-chloroform, at least two “hold-up’”’ 

volumes of each solvent mixture being used. Generally about 350 mg. of 

sample were used per 40 gm. of silicic acid. However, much more material 

can be applied, depending on the content of the various sphingolipides 

present and the degree of separation required. Fractions of about 5 ml. 

were collected with an automatic fraction collector and appropriate frac- 

tions were combined and evaporated. 3 to 5 mg. portions of each solid 
fraction were dissolved in 10 ml. of chloroform or chloroform-methanol and 

land 3 ml. aliquots were evaporated for the ninhydrin (1, 2) and anthrone 

(galactose) (27) determinations, respectively. The infrared spectra of the 

various fractions proved helpful in determining the type of lipide structure. 

Typical column results are given later in the description of the isolation of 

the ethanolamine-lipide. 

Preparation of Ethanolamine-Lipide from Crude Sphingolipide—Extrac- 

tion of the crude sphingolipide (20 gm.) with pyridine at room temperature 

removed most of the cerebroside as a soluble fraction (3.65 gm.), which 

gave an anthrone value of 15 per cent (cerebroside = galactose per cent X 
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4.55) but was ninhydrin-negative. The pyridine-insoluble fraction was 

suspended in acetic acid at room temperature to remove further cerebroside 

as the insoluble residue (2.32 gm.). The acetic acid solution was evapora- 

ted to 50 ml. and acetone was added to precipitate Fraction A; (3.45 gm.). 

This material still contained some cerebroside (anthrone 7 per cent), but 

was ninhydrin-positive. Further additions of acetone yielded three more 

fractions, Az, A;, and Ay, all cerebroside-free. Fraction As, 2.05 gm., 

strongly ninhydrin-positive (glycerol 2.86 per cent); Fraction Ag, 1.41 gm., 

TaB_e III 

Fractionation of Crude Ethanolamine-Lipide on Silicic Acid 

395 mg. of Fraction A; were chromatographed over a 35 gm. silicic acid column. 
The eluate was collected in 5 to 6 ml. fractions. 

Tube No. | Solvent* Fraction No. Weight Amino Nt | Anthronet 

| mg. per cent | per cent 

6-14 0 | | 

15-17 | 8 1 2.0 | 3.5 
18-26 2 10.7 0.27 | 0.0 
27-28 | 20 | 
20-47 | oe ao 7.2 0.52 1.0 
4-56 | 35 | 4 | oe oe a ee 
59-77 55 5 | 41.3 3.00 | 0.0 
79-96 70 6 | 113.7 | 0.10 0.9 
97-101 | 7 | wer | o10 | 00 
104-110 90 8 | 42.4 0.10 | 0.4 
111-135 | 9 55.2 | | 

Tetal....... | | 376.6 | | 

* The numbers give the percentage of methanol in chloroform. 

+ Calculated against a phosphatidylethanolamine standard. 
t Calculated as galactose. 

strongly ninhydrin-positive; Fraction Ay, 4.32 gm., ninhydrin-negative. 

Passage of Fractions Az and A; over silicic acid columns yielded the cere- 

broside-free ethanolamine-lipide. Typical column results are given in 

Table ITI. 

From Fractions A, (1.02 gm.) and A; (1.4 gm.), 235 mg. (about 10 per 

cent) of the ethanolamine-lipide were obtained by column chromatography. 

The analyses of the combined fractions were in fair agreement with a batyl, 

or chimyl, alcohol phosphorylethanolamine. 

Co:3H5006NP. 

Calculated. (batyl). C 59.10, H 10.71, N 3.00, P 6.64, glycerol 19.7 
" (echimyl). ‘‘ 57.4, ‘‘ 10.48, ‘‘ 3.19, ‘‘ 6.06, cs 20.9 
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CaHysOsNP. 

Found. C 57.37, H 10.08, N 3.24, P 6.24, glycerol 18.2 
LCB N‘ 0.11; N:P = 1.15; anthrone (as galactose) 0.0 

The melting behavior of this material was unusual. Slight sintering 

began at 140-150° and a mass of tiny liquid crystals appeared at 175°. 

These melted between 180—190° but almost immediately new larger crystals 

appeared which did not melt until 206-210°. 

Hydrolysis of Ethanolamine-Lipide with Aqueous Sulfuric Acid—50 mg. 

of the ethanolamine-lipide were refluxed in 5 ml. of 1 N H.SO, for 40 min- 

utes. The aqueous phase was decanted, and the residue extracted into 

chloroform. The aqueous solution contained mainly ethanolamine plus a 

slight amount of ethanolamine phosphate. The chloroform-soluble ma- 

terial was chromatographed as a line on silicic acid-impregnated paper in 

chloroform-methanol (4:1) and small strips were sprayed with the ninhy- 

drin and phosphate reagents. The main spot (Rr 0.91) was strongly 

phosphate-positive and ninhydrin-negative. Unfortunately, unchanged 

starting material (R,- 0.80, ninhydrin-positive) was also present and con- 

taminated the phosphatidic acid eluted from the paper. However, the 

solubility properties and general behavior are consistent with those de- 

scribed for synthetic batyl alcohol phosphates (28). 

Hydrolysis of Ethanolamine-Lipides with Barium Hydroxide—The eth- 

anolamine-lipide (15 mg.) was treated with 10 ml. of saturated Ba(OH), 

solution under reflux. After 6 hours the cooled reaction mixture was 

acidified and treated with chloroform. The chloroform extract was washed 

with water, dried over anhydrous Na2SQ,, and evaporated. The residue 

(10 mg.) of glycerol ether phosphate was characterized by paper chroma- 

tography and by an infrared spectrum. In chloroform solution, absorption 

maxima appeared at 2930 and 2860 em.—! (CH;, CHe, and CH stretch), 

1730 em.’ (broad and weak, acid phosphorus compound?), 1470 em.— 

(—CH;,— deformation), 1384 em.—' (C—CH,; deformation), 1265 em. 

(very strong and sharp, P=O (free) stretch). There were also very broad, 

strong bands at 1090 em.—, 1015 em.—!, 865 cm.”’, and 810 cem.—!, and very 

broad but shallow absorption in the region 2600 cm. to 3400 cm. 
O 

VA 
P 
* 
OH?/. 

Acetolysis of Ethanolamine-Lipide—The procedure of Malkin and co- 

workers (16) was slightly modified. The ethanolamine-lipide (20 mg.) was 

refluxed with a mixture of acetic anhydride and acetic acid (5 ml. 2:3) for 

8.5 hours. The cooled reaction mixture was lyophilized and the residue 

shaken with a mixture of water and ether (1:4). The ether layer was 
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washed twice with small quantites of water, dried over anhydrous sodium 

sulfate, and evaporated to a waxy solid. The infrared and n-m-r spectra 

of this crude diacetate were identical with those of a-octadecyl glycerol 

ether diacetate (see below). 

The aqueous layer and washings were combined and lyophilized. Paper 

chromatography of the residue showed the presence of ethanolamine, a 

little ethanolamine phosphate, and much inorganic phosphate. 

Periodate Oxidations—The acetolysis product (15 mg.) was dissolved in 

0.5 ml. of 1 N alcoholic KOH and the solution was allowed to stand at room 

temperature overnight. Water was added and the emulsion was treated 

twice with ether. The ether extracts were combined, washed with water, 

and dried. Removal of the ether and crystallization of the residue from 

acetone gave 10 mg. of crystalline material which melted at 66—68°. L-a- 

Octadecyl glycerol ether melts at 71—-72°; the hexadecyl] ether melts at 64° 

(18). 9.7 mg. of the hydrolysis product were dissolved in 2 ml. of absolute 

alcohol in a 5 ml. volumetric flask. 0.85 ml. of 0.2 m periodic acid was 

added and the solution was diluted to 5 ml. with absolute alcohol. The 

reaction mixture and a similarly prepared blank were allowed to stand in 

the dark at room temperature for 30 minutes. Then 1.0 ml. aliquots were 

removed and treated with excess arsenite solution and titrated with iodine 

in saturated bicarbonate in the usual way. The 1.0 ml. aliquot reduced 

0.0052 mmole of periodate (theory = 0.0056 mmole). The degradation 

product thus reduced 0.93 mole of periodic acid per mole. In similar ti- 

trations a- and 8-octadecyl glycerol ethers reduced, respectively, 1.02 and 

0.03 moles of periodic acid per mole. 

B-Octadecyl Glycerol Ether—This compound was prepared according to 

the directions of Davies, Heilbron, and Jones (17). 1,3-Benzylidene glye- 

erol (1.6 gm.) was refluxed in 50 ml. of benzene with 207 mg. of potassium 

for lhour. Octadecyl iodide (2.6 gm.) was added, and refluxing was con- 

tinued for a further 8 hours. The cooled mixture was poured into water 

and extracted with ether and the ether layer was washed three times with 

water, dried, and evaporated. The excess octadecyl alcohol was distilled 

off under reduced pressure. Crystallization of the residual 1 ,3-benzyli- 

dene glycerol-2-octadecyl ether from aqueous alcohol gave a waxy solid, 

m.p. 42-44°. This product was refluxed for 70 minutes in 35 ml. of 75 per 

cent aqueous alcohol containing 1 ml. of concentrated HCl. The solution 

was diluted with water, and the precipitated solid was crystallized several 

times from alcohol to furnish 6-octadecyl glycerol ether, m.p. 60-61’. 

The material showed no melting point depression when admixed with 

an authentic sample of 6-octadecyl glycerol ether, m.p. 60-61°, kindly 

supplied by Dr. P. E. Verkade. 

B-Octadecyl Glycerol Ether « ,«’'-Diacetate—B-Octadecy] glycerol (52.5 mg.) 
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in 0.2 ml. of pyridine was heated with 1 ml. of acetic anhydride at 80—85° 

for 1 hour. The solution was allowed to stand for 12 hours at room tem- 

perature and then was evaporated under reduced pressure. The residual 

oil was dissolved in chloroform and the solution was washed with water, 

dried over anhydrous sodium sulfate, and evaporated to a waxy solid (68.4 

mg.). After repeated digestion with hot hexane and removal of the in- 

soluble residue (6.6 mg., m.p. 100°) the filtrate was evaporated to a waxy 

solid. The infrared spectrum was consistent with the ether diacetate 

structure, the following bands being present: 2920 cm.~! and 3860 em.~ 

(CH;, CHe, and CH stretch), 1740 em.—! (ester C=O), 1470 em.-' (—CH,— 

deformation), 1375 (C—-CH; deformation), 1238 em.-! (C—O— stretch of 

acetate), and 1119 em.-' (—CH—-O—CH,—). There was an additional 

very strong band at 1050 em.-!. Analysis of 6-octadecyl glycerol ether 

a,a’-diacetate 

CosHysO;. Calculated, C 70.0, H 11.2; found, C 69.4, H 11.2 

a-Octadecyl Glycerol Ether a,B-Diacetate—a-Octadecyl glycerol ether 

(batyl alcohol) (59.5 mg.) was acetylated in the above manner to furnish a 

waxy solid (63.7 mg.). Repeated crystallization from alcohol furnished 

soft crystals, m.p. 34-35° (Baer and Fischer (18) report m.p. 34-35°). The 

infrared absorption spectrum in chloroform solution displayed maxima at 

2935 and 2870 em.—! (CH3, CH», and CH stretch), 1739 em.—! (ester C=O), 

1465 em.—! (—CH.— deformation), 1375 em.—! (C—CH,; deformation), 1230 

em.~! (C—O— stretch of acetate), and at 1116 em.-! (—CH;,—O—CRH)). 

Additional bands were observed at 1048 cm.—! (strong) and 960 em. 

(weak). There was no hydroxyl absorption at approximately 3500 cm.—. 

Proton Magnetic Resonance Spectra—The proton magnetic resonance 

spectra were determined at 40 mc. rf. with a Varian model V4300B high 

resolution spectrometer fitted with a field-sensing stabilizer (Super Stabil- 

ier). The compounds were measured as about 25 per cent solutions in 

chloroform or deuterochloroform. The chemical shifts expressed relative 

to water were actually determined relative to methylene chloride with a 

concentric tube cell (29) with methylene chloride in the outer compartment. 

Subtraction of 26 c.p.s. from shifts relative to methylene chloride was used 

in determining shifts in cycles per second relative to water. For the sake 

of clarity the spectra illustrated were run in the absence of methylene 

chloride. The actual shifts were measured on separate spectra in which 

the methylene chloride band was included. 

SUMMARY 

Alkaline hydrolysis of egg yolk phosphatides gives a crude sphingolipide 

fraction containing a ninhydrin-positive substance (ethanolamine-lipide). 
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The purified ethanolamine-lipide contains no sphingosine and has been 

shown to consist mainly of a phosphorylethanolamine derivative of baty| 

alcohol. The presence of similar glycerol ether phosphatides in other 

lipides is indicated by analytical data. Studies of the distribution of ether 
phosphatides are now in progress. 
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ALLOXAN INACTIVATION OF COENZYME A AND THE 

PIGEON LIVER ACETYLATING ENZYME* 

By S. J. COOPERSTEIN anp ARNOLD LAZAROW 

(From the Department of Anatomy, Western Reserve University, Cleveland, Ohio, 

the Department of Anatomy, the University of Minnesota, Minneapolis, 

Minnesota, and the Marine Biological Laboratory, 

Woods Hole, Massachusetts) 

(Received for publication, August 28, 1957) 

In 1943, Dunn et al. (3) reported that the injection of alloxan into ani- 

mals selectively destroyed the 8 cells of the islands of Langerhans in the 

pancreas. ‘This discovery has led to much interest and speculation on the 

mechanism of action of this drug. Since alloxan has been shown to react 

with sulfhydryl groups, and since the prior injection of large doses of either 

glutathione or cysteine protects the animals from the effects of alloxan, 

Lazarow (4) has postulated that alloxan kills the 6 cells by inactivating 

certain essential sulfhydryl enzymes. Later studies (5, 6) have shown that, 

in addition to its ability to oxidize sulfhydryl groups, alloxan reacts with 

the sulfhydryl] of glutathione to form a new compound which has an absorp- 

tion spectrum maximum at 305 my and which is believed to be an addition 
product. 

Many investigators have studied the reaction of alloxan with various 

enzymes, particularly those which contain essential sulfhydryl groups. 

However, in most cases the concentration of alloxan used was much greater 

than that which could be expected to occur within the cell after the injec- 

tion of a diabetogenic dose of alloxan. If the intravenous diabetogenic 

dose of alloxan (40 mg. per kilo) (7) were uniformly distributed throughout 

the body water, calculated as 70 per cent of body weight, its maximal con- 

centration within the cell would be less than 4 X 10-*m. Since alloxan is 

rapidly destroyed at body temperature and pH (the half life being less than 

| minute (8)), it is unlikely that this compound could be concentrated to 

any great extent in specific cells such as the 8 cells within the short time 

before its destruction. This has been borne out by preliminary studies on 

the distribution of radioactive alloxan in the toadfish (9). After injection, 

the alloxan concentration in the isolated islet tissue never exceeded the level 

which would be expected if it were assumed to be uniformly distributed 

throughout body water, and at all times (2 to 30 minutes) after injection 

* This investigation was supported by research grants No. A-824 and No. A-1659 
from the Institute of Arthritis and Metabolic Diseases, Public Health Service. 
Preliminary reports have been published (1, 2). 
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the radioactivity of the islet tissue was less than 50 per cent of that of 

blood. It is therefore unlikely that the concentration of alloxan within 

the 6 cell after the injection of a diabetogenic dose of this compound would 

ever exceed 4 X 107‘ M. 

Our interest in coenzyme A (CoA) as a possible site of action of alloxan 

stems from the work of Lipmann (10) and others, who have demonstrated 

its key role in cell metabolism. It is well known that CoA contains a 

sulfhydryl group which is essential for its activity; in fact, “‘active acetate” 

is a combination of acetate with the sulfhydryl group of CoA (11). One 

would certainly expect serious derangements of metabolism if alloxan inter. 

fered with the function of the sulfhydryl group of CoA. 

Materials and Methods 

The CoA activity was determined in the pigeon liver sulfanilamide- 

acetylating system of Kaplan and Lipmann (12), and for most of the exper- 

iments reported the pigeon enzyme was prepared as described by these 

authors. The CoA was obtained from the Pabst Laboratories. In this 
assay system the CoA solution was incubated with 0.25 ml. of the pigeon 

liver enzyme preparation for 2 hours at 37° in the presence of 3.94 107 

M sulfanilamide, 2.46 X 10-? m sodium acetate, 3.94 & 10-* m adenosine 

triphosphate, 1.97 X 10-* m sodium citrate, 8 X 10-? m sodium bicarbonate, 

and 2 X 10-? M cysteinehydrochloride.! At the end of this time the amount 

of sulfanilamide utilized was determined. In all experiments the disap- 

pearance (acetylation) of sulfanilamide was measured in both the presence 

and the absence of cysteine. The reaction was stopped by the addition of 

4 ml. of 5 per cent trichloroacetic acid, and sulfanilamide was determined 

either by the method of Bratton and Marshall (13) or by a micromodifica- 

tion of this method. In the micromodification, a 50 ul. sample of the 

supernatant fluid was mixed with 100 ul. of 5 per cent trichloroacetic acid 

and 50 ul. of 0.1 per cent sodium nitrite. After 3 minutes, 50 ul. of 0.5 

per cent ammonium sulfamate were added, and the mixture was again 

allowed to stand for 2 minutes. 50 ul. of N-(1-naphthyl)ethylenediamine 

dihydrochloride (1 mg. per ml.) were then added, and the optical density 

was read in a Beckman model DU spectrophotometer at 540 mu. 

With each new pigeon liver enzyme preparation, the amount of CoA { 

required to catalyze 50 per cent of the maximal acetylation was determined 

in accordance with the method of Kaplan and Lipmann (12). This level 

(between 3 and 8 y) was used in all subsequent tests. At this level, the 

1It has been our experience that the cysteine hydrochloride should be added 

immediately before beginning the reaction. If it is added too early, the cysteine is 

oxidized to cystine, which is an effective inhibitor. 
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pigeon liver enzyme is present in excess and the amount of CoA therefore 

limits the reaction rate. For later experiments, when it became necessary 

to determine accurately the degree of inhibition of the liver enzyme by 

alloxan, the amounts of the components were adjusted so that the enzyme 

became limiting and the CoA was present in excess. Therefore, for this 

purpose each new pigeon liver preparation was also tested by measuring 

the degree of sulfanilamide acetylation in the presence of 20 y of CoA 

and with varying amounts of the enzyme. The amount of sulfanilamide 

acetylated was proportional, within limits, to the amount of liver enzyme 

added, and the amount of liver to be used in the assay was selected from 

within this range. 

In most of the experiments reported, anywhere between 40 and 60 per 

cent of the added sulfanilamide was acetylated by the control tubes during 

the 2. hour incubation period. In all experiments the amount of sulfanila- 

mide acetylated was slightly smaller in the absence of cysteine than in its 

presence. 

Results 

Effect of Alloxan on Complete Acetylating System—When alloxan was 

added to the complete acetylating system to give a final concentration of 
5 X 10-* m (Table I), it inhibited acetylation by 53 to 60 per cent when the 

reaction was carried out in the absence of added cysteine. When cysteine 

was added, the inhibition was only about 15 per cent. When, however, 

the alloxan was previously incubated at room temperature for 60 minutes 

in phosphate buffer, pH 7.4 (the final pH of the solution being about 7.2), 

before its addition to the reaction mixture, there was insignificant inhibi- 

tion of the acetylation reaction (7 per cent in the absence of cysteine and 

5 per cent in its presence). Similar results were obtained when the alloxan 
was first incubated in sodium bicarbonate at pH 7.0 for 90 minutes. This 

observed loss in the ability of alloxan to inhibit the acetylation reaction 

after incubation at pH 7.0 to 7.2 is undoubtedly due to its decomposition, 

since it has been shown that alloxan rapidly decomposes in neutral or 

slightly alkaline solution (8). This observation therefore suggests that it 

isthe alloxan per se and not a decomposition product of alloxan which in- 

hibits the acetylation reaction. 

Reaction of Alloxan with CoA—In the experiments shown in Table II, 

the alloxan was first incubated with CoA for 1 hour at room temperature 

in phosphate buffer, pH 7.4. Three different concentrations of alloxan 

and three different concentrations of CoA were used. At the end of this 

period the alloxan-CoA mixtures were added to the other components of 
the assay system and the acetylating activity was measured. In order to 
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TaBLeE I 

Effect of Alloxan on Pigeon Liver Acetylating System 

Each figure represents the average of six to thirteen determinations. During 
the preliminary incubation period the alloxan concentration was 1 X 10-? M; when 

the alloxan was added to the acetylating test system, its final concentration was 

5 X 10-*m. CoA was limiting in the assay system. 

Alloxan dissolved in 

Phosphate buffer* Sodium bicarbonatet 

Time of previous incu- 
j Cysteine in final reaction mixture bation of alloxan y r 

None Added None Added 

Inhibition of acetylation 

per cent per cent | per cent per cent min. 

None | 60 15 53 | 17 
30 23 9 | 37 15 

60 7 5 | 26 11 

90 | 0 | 3 8 9 
| 

* The alloxan was dissolved in water and diluted to 1 X 10-2 m with Na:HPO, 

KH.PO, buffer, pH 7.4. The final phosphate concentration was 0.05 M, and the final 
pH about 7.2. 

+ The alloxan was dissolved in water and diluted to 1 X 10-2 m with NaHCO,. 

The final bicarbonate concentration was 0.02 M, and the solution was adjusted to 

pH 7.0 with NaOH. 

TaBLeE II 

Reaction of Alloxan with Coenzyme A 

Each figure represents the average of five determinations except as noted. The 
preliminary incubation was carried out in 0.05 m Na2HPO,-KH2PO, buffer, pH 7.4. 

In all cases the amount of CoA used in the final reaction mixture was 3.2 7; therefore 

the CoA was limiting. 

Inhibition of acetylation 

Alloxan concentration Cysteine omitted from assay system Cysteine added to assay system 

during preliminary 7 
incubation 

CoA concentration during preincubation 

| 
| 320 y per ml. | 160 y per nt | 16 y per ml. | 3207 per mi.| 160 y per ml.| 16 y per ml. 

M | per cent per cent per cent per cent per cent per cent 

2 xX 10% a o |; 32 | @ 32 
5 xX 10 25 | 29 ha 14 | 16 16 

2.5 X 10 10 | 6 ll | 5 | 3 4 | 
| | 

* Average of four determinations. 
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eliminate any error due to spontaneous inactivation of CoA during the 

preincubation period, the control CoA samples were incubated for 1 hour 

in phosphate buffer, pH 7.4, in the absence of alloxan.’ 

It can be seen from Table II that 5 X 10~‘ M alloxan inactivated between 

17 and 29 per cent of the CoA, whereas, an alloxan concentration of 2.5 X 

10 m produced insignificant inactivation. Since a 1 hour preincubation 

period destroys the ability of alloxan to inhibit the complete system (Table 

the observed alloxan effect must have been due to a direct reaction be- ); 
tween alloxan and CoA. 

Reaction of Alloxan and Pigeon Liver Acetylating Enzyme Complex— 

Table III shows the results of experiments in which alloxan was first incu- 

bated with the liver enzyme preparation for 1 hour at room temperature. 

TaB.e III 

Reaction of Alloxan with Pigeon Liver Acetylating Enzyme Complex 

Each figure represents the average of five determinations except as noted. CoA 

was limiting in the assay system. 

Inhibition 

Alloxan concentration during preliminary |—— - ae — 

incubation Cysteine omitted from assay Cysteine added to assay 
system | system 

™ M per cent | per cent 

2X 10-3 88 31 
5 X 10-* 70 13 

2X 10-* 47 2 

1 xX 10- 36* 1 

* Average of four determinations. 

In each case 1.35 ml. of the liver preparation were added to 0.15 ml. of an 

alloxan solution, and the degree of inactivation was determined by com- 

paring the activity with control liver samples which had been incubated 

for 1 hour in the absence of alloxan.’ In this set of experiments the assays 

were carried out under conditions whereby CoA was limiting. 

The activity of the pigeon liver acetylating enzyme complex was mark- 

edly inhibited by low concentrations of alloxan and it would appear that 

the liver enzyme is much more sensitive to alloxan than is CoA. For 

example, although 2.5 X 10-‘ m alloxan did not significantly inactivate 

CoA (Table IT), a slightly lower alloxan concentration, 2 X 10-4 M, inhibited 

the activity of the pigeon liver enzyme complex by 47 per cent (Table IIT). 

*Separate experiments have shown that there was no significant loss in CoA 
activity after a 1 hour incubation at room temperature in phosphate buffer. 

* As in the case of CoA, incubation of the liver enzyme alone caused no inactiva- 
tion. 
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Relative Sensitivity of CoA and Acetylating Enzyme Complex—lIn the 

earlier experiments (Tables II and III), the CoA and the liver enzyme had 

been previously incubated with alloxan under different conditions. In the 

present set of experiments the alloxan was incubated with the CoA or the 

liver acetylating enzyme under similar conditions; 7.e., in phosphate buffer 

at pH 7.0. In order to obtain the liver enzyme at the appropriate pH, | 

the acetone powder was extracted with 0.05 m K2zHPO,-KH2PO,, pH 7.6, 

instead of with 0.02 m NaHCO;. The extract was frozen, thawed, and 

then centrifuged. The supernatant fluid was lyophilized, and the powder 

was redissolved in the same buffer just before use. The pH was adjusted 

TaBLe IV 

Comparison of Effect of Alloxan on Coenzyme A and Pigeon 
Liver Acetylating Enzyme Complex 

Each figure represents the average of four experiments. 

Inhibition 

Alloxan concentration i i : —— 
during preliminary Alloxan or CoA, | Alloxan incubated with liver enzyme 

incubation | 

. . . | . . . 

Cysteine omitted Cysteine added | Cysteine omitted Cysteine added 
from assay system to assay system | from assay system | to assay system 

M per cent per cent | per cent | per cent 

2x10 | 36 21 
1 xo | 35 | 15 | 
5 xX 10 | 23 8 95 57 

2.5 X 10 | 7 7 | 93 42 
1 xlo* | | 80 | 23 
5s xm 60 | 16 

to 7.0 with KOH, and the solution was diluted with water to the appro- | 

priate volume. The final phosphate concentration was 0.075 mM. The CoA 

was dissolved in 0.1 m KzsHPO.-KH2PO,, pH 7.1, and the pH of the final 

solution was found to be 7.0. Either 1.6 ml. of the CoA solution or 1.6 

ml. of the liver enzyme were mixed with 0.4 ml. of four different concentra- 

tions of alloxan. The mixtures were incubated for 90 minutes and the 

pH of each mixture was determined at both the beginning and the end of | 

the incubation period; only those experiments in which the pH was main- 

tained between 7.0 and 7.1 are included. The degree of inactivation was 

determined by comparing the alloxan-treated samples with control mixtures 

incubated for 90 minutes in the absence of alloxan. The degree of inacti- 

vation of the CoA was measured in the assay system in which the CoA was 

limiting, and the degree of inactivation of the enzyme was measured in the 

assay system in which the liver enzyme was limiting. 
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The results (Table IV) show that the acetylation reaction was inhibited 

to a much greater extent when the liver enzyme complex was incubated 

with alloxan than was the case when the CoA was incubated with alloxan. 

Furthermore, it should be noted that in these experiments where the en- 

zyme was limiting the observed inhibition was greater than that shown in 

Table III, where the CoA was limiting. This is to be expected since, in 

the experiments in Table III, a larger fraction of the enzyme could have 

been inactivated, but it would have escaped detection because the enzyme 

was present in excess. 

The addition of cysteine to the final reaction mixture only partially re- 

versed the inactivation of both the CoA and the liver enzyme complex 

(Table IV). Since the cysteine was added to the reaction mixture at a 

time when the alloxan was already destroyed, 7.e. converted to alloxanic 

acid, this partial reactivation by cysteine is probably due to reduction of 

essential sulfhydryl groups of CoA and the liver enzyme which had pre- 

sumably been oxidized by alloxan during the preliminary incubation period. 

On the other hand, when alloxan is added directly to the complete system 

in the presence of cysteine (Table I), the cysteine may also protect the 

enzyme system by reducing alloxan to dialuric acid, which is not diabeto- 

genic (8). That part of the inactivation which is not reversed by cysteine 

is apparently due to another reaction, possibly the formation of an addition 

product between the alloxan and the liver enzyme or CoA. 

DISCUSSION 

As has been pointed out, many investigators have studied the effect of 

alloxan on different enzymes and enzyme systems. However, in most in- 

stances the concentration of alloxan required to produce significant inhibi- 

tion was several times greater than the concentration of alloxan presumed 

to exist in the 6 cell after the injection of a diabetogenic dose of this com- 

pound. In the studies reported here, low concentrations of alloxan have 

been shown to inhibit both CoA and the acetylating enzyme complex. 

The alloxan sensitivity of this enzyme complex is greater than that previ- 

ously reported for any other enzyme system; it is inhibited 80 per cent at 

1 X 10“ m and 60 per cent at 5 X 10-5 m. This inhibition is therefore 

very marked at concentrations well below the maximal alloxan concentra- 

tion (4 X 10-* m) which may exist in the @ cell after the injection of a dia- 

betogenic dose of alloxan. 

The partial reversal of this inhibition by cysteine suggests the possibility 

that a generally occurring biochemical reaction may be selectively inhibited 

in those cells with a low sulfhydryl content; such a mechanism has been 

postulated (14) as a basis for the selectivity of alloxan for the 8 cells of the 

pancreas. 
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Although extensive inactivation of CoA could undoubtedly cause de. 

rangement of metabolism sufficient to kill a cell, CoA is not markedly | 

inhibited at low alloxan concentrations. It is not known whether an inac- 

tivation of the acetylating enzyme complex could produce sufficient inter. 

ference with metabolic activity to cause cell death. The pigeon liver 

acetylating enzyme complex consists of at least two components; one of 

these catalyzes the formation of acetyl CoA from acetate, adenosine tri- 

phosphate, and CoA; the other transfers the acetate from acetyl CoA to 

sulfanilamide (15). The former enzyme is probably widely distributed 

and important in metabolism, but the functional significance of the latter 

enzyme is unknown. We do not know which of these two enzymes is 

inactivated by alloxan. However, since the arylamine-acetylating enzyme 

contains an essential sulfhydryl group (16), it would seem to be a likely 

site. Further studies with more purified preparations (15) and with other 

CoA-requiring systems are in progress in an attempt to determine the exact 

site of alloxan inhibition.‘ 

Although the high in vitro sensitivity of the acetylating enzyme system 

suggests that it may likewise be affected zn vivo, more direct evidence must 

be obtained by studying islet tissue obtained from alloxan-injected ani- 

mals. These studies will be carried out in the toadfish, in which the islet 

tissue is segregated into a discrete body and separated from the pancreatic 

acinar tissue (17, 18). 

SUMMARY 

The effect of alloxan on coenzyme A (CoA) and on the pigeon liver 

sulfanilamide-acetylating enzyme complex has been investigated. Alloxan, 

at a concentration of 5 X 10~* Mm, produced a 23 per cent inactivation of 

CoA and 95 per cent inhibition of the liver acetylating enzyme complex. 

This acetylating enzyme was inhibited 60 per cent by 5 & 10~° M alloxan, 

one-eighth of the maximal alloxan concentration which might exist in the 

cell after the injection of a diabetogenic dose of this compound. In all 

instances the inactivation was partly reversed by the addition of cysteine. 

The relationship of these results to the diabetogenic mechanism of alloxan 

is discussed. 
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THE OSMOTIC NATURE OF MITOCHONDRIAL SWELLING 
PRODUCED BY CARBON TETRACHLORIDE 

AND INORGANIC PHOSPHATE* 

By RICHARD O. RECKNAGEL anp SASHA MALAMEDT 

(From the Department of Physiology, School of Medicine, Western 

Reserve University, Cleveland, Ohio) 

(Received for publication, September 6, 1957) 

By measurements from photographs, Tedeschi and Harris in a definitive 

work (1) showed that increases in mitochondrial volume can be followed by 

measurement of the optical density of the mitochondrial suspension. 

These experiments were performed with hypotonic solutions of non-pene- 

trating substances and with isotonic solutions of penetrating substances. 

Mitochondrial swelling under these circumstances involves the movement 

of solvent caused by the osmotic gradient. As in studies of hemolysis (2), 

we may designate decreases in optical density under these conditions as 

“osmotic swelling.”” That a decrease in the optical density of a mito- 

chondrial suspension actually involves an increase in mitochondrial water 

content has been shown by direct analysis by Price et al. (3) and has been 

confirmed in this laboratory. A quantitative correlation between the 

increase in volume of packed mitochondria and the decrease in optical 

density of mitochondria suspended in hypotonic sucrose has also been 

demonstrated.! 

In contrast to the osmotic swelling of mitochondria is a decrease in 

optical density of mitochondrial suspensions produced by such agents as 

phosphate (4), thyroxine (5), triiodo- and tetraiodothyroacetic acids (6), 

and carbon tetrachloride (7). These agents produce swelling of mito- 

chondria suspended in isotonic solutions of such non-electrolytes as sucrose 

and mannitol (8). The underlying mechanism which results in a decrease 

in optical density in an isotonic solution of a non-penetrating solute is not 

well understood (8, 9). This paper presents the results of a simple test 

system, which indicate that phosphate- and carbon tetrachloride-induced 

swelling of mitochondria in isotonic sucrose solution occurs as a result of a 

decrease in the mitochondrial membrane semipermeability.2 Mito- 

* Supported in part by grant No. A-329(C4) from the National Institute of Ar- 
thritis and Metabolic Diseases, National Institutes of Health. 

t Postdoctoral Research Fellow of the National Cancer Institute, United States 
Public Health Service. 

'Malamed, S., and Recknagel, R. O., unpublished. 

* Preliminary experiments have indicated that mitochondrial swelling induced by 

3 X 10-5 m thyroxine, although delayed by hypertonic sucrose, may be brought 
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chondrial volume changes under these conditions are directly comparable 

to colloid osmotic hemolysis (10), which has been extensively discussed in 

the literature on red cell hemolysis as the dual mechanism for hemolysis 

(11, 12). 
EXPERIMENTAL 

Homogenization and Differential Centrifugation—Male rats (Holtzman 

Rat Company, Madison, Wisconsin), weighing from 200 to 300 gm. and 

fed ad libitum, were used. The animals were killed by cervical section and 

exsanguinated. The liver was removed and placed in ice-cold 0.30 mu 

sucrose which was 0.002 m with respect to EDTA’ at pH 7.4. This medium 

was used for all the homogenization and differential centrifugation steps, 

except for the final suspension of the mitochondria which was in 0.30 u 

sucrose. The temperature during preparation of mitochondria was 0-2°, 

An all Lucite homogenizer of the Potter-Elvehjem type was used. 10 

per cent homogenates of whole rat liver were centrifuged (International 

table model centrifuge, rotor No. 215) for 15 minutes at 600 X g to remove 

whole cells and nuclei. The supernatant fraction was centrifuged (Spinco 

preparative ultracentrifuge, model L, rotor No. sw-25.1) for 12 minutes 

at 10,000 X g to sediment the mitochondria. Upon resuspension and re- 

sedimentation, a fluffy layer (13) which appeared above the mitochondria 

was removed. 

Analytical Methods—Swelling of mitochondria was followed by decrease 

in the optical density of the suspension at 520 my in a Coleman spectro- 

photometer, model 6A. The starting point of the time studies was the 

final addition of 0.2 ml. of a 50 per cent mitochondrial suspension to 2.8 

ml. of a suspension medium which was routinely 0.002 m with respect to 

Tris buffer at pH 7.4 and which contained other additive substances as 

indicated below. The temperature of the mitochondrial suspension was 

0-2° when added to the colorimeter tubes; the other components were at 

room temperature. Tris and ATP were products of the Sigma Chemical 

Company and erythritol was obtained from the Nutritional Biochemicals 

Corporation. Other substances used were of analytical reagent grade. 

Human red cells, prepared according to Ponder (12), were used for the 

hemolytic studies. 

Results 

Carbon Tetrachloride-Induced Swelling—As shown in Fig. 1, the optical 

density of a suspension of mitochondria in isotonic sucrose solution de- 

about by changes other than, or in addition to, altered mitochondrial membrane 

permeability. 
3 The abbreviations used are EDTA, ethylenediaminetetraacetic acid; Tris, tris(hy- 

droxymethyl)aminomethane; ATP, adenosine triphosphate; AMP, adenosine mono- 

phosphate. 
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creases With time when carbon tetrachloride is present. The degree of 

swelling is greater with higher levels of saturation of the medium by carbon 

tetrachloride. The various percentage saturations of carbon tetrachloride 

were obtained by appropriate dilution of a stock solution with 0.30 m 

sucrose. The stock solution was made by shaking a mixture of 1 volume 

of carbon tetrachloride with 5 volumes of 0.30 m isotonic sucrose solution 

for 30 minutes. No carbon tetrachloride phase as such was present in the 

final reaction medium. Carbon tetrachloride induces mitochondrial swell- 

ing when other solutes are substituted for sucrose. Table I shows the re- 

09} . . __.NO 4 
—— CCl4 

0.8+ 4 
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+d 0.6+ > J 
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G O05} 33% 
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Fic. 1. Mitochondrial swelling in isotonic sucrose solution containing CCl. 
Conditions: 2.6 ml. of 0.30 mM sucrose containing CCl, as indicated; 0.2 ml. of 0.03 m 

Tris buffer, pH 7.4; 0.2 ml. of a 50 per cent suspension of mitochondria in 0.30 m 
sucrose. The figures represent the percentage of saturation with respect to carbon 

tetrachloride. The concentration of carbon tetrachloride at 100 per cent saturation 
is estimated to be 0.005 m. 

sults with isosmolar KCl, NaCl, and Na»SO,. In the case of NaSO,, al- 

though swelling occurred in the absence of carbon tetrachloride, it was 

enhanced when carbon tetrachloride was present. The observation of 

Tapley (14) that mitochondria swell slowly in isotonic sucrose solution if 

they have been previously washed free from such protective agents as 

ATP and EDTA has been confirmed in this laboratory. The swelling of 

mitochondria prepared in this manner is greatly accelerated by carbon 

tetrachloride. 
Osmotic Nature of Mitochondrial Swelling in Isotonic Sucrose Solutions—It 

is well known that red cells will hemolyze when suspended in isotonic 

glycerol solution. Swelling begins immediately when the glycerol pene- 

trates the red cell membrane and the intracellular osmotic pressure tends to 
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rise. As has been pointed out by Ponder ((12), p. 243, footnote 60) and Day- 

son ((15), p. 150), hemolysis of red cells produced by the penetration into the 

red cell of an external solute should be delayed if the concentration of the 

TaBLeE I 

Mitochondrial Swelling in Isotonic Solutions of Electrolytes Saturated 

with Carbon Tetrachloride 

The optical density was at 520 mu. 

Time KCl KCl + CCh NaCl | NaCl + CCk Na2SO, Na2SO, + CC 

sec. | 

20 | 0.700 
30 | 0.650 
45 0.590 | | 
min. 

1 0.875 0.560 0.875 0.550 0.850 | 0.610 
2 0.860 0.490 | 0.520 | 0.750 | 0.570 
3 0.860 0.480 | | 0.720 
4 0.860 0.470 0.860 | 
5 0.860 | 0.460 0.860 0.500 | 0.650 0.530 
6 | 0.860 0.470 | 
8 | 0.860 | 0.470 | 

10 | | | | 0.600 | 0.500 

The conditions were as in Fig. 1, except that 0.15 m KCl, 0.15 m NaCl, or 0.1 u 

Na.SO, was used in place of isotonic sucrose. 2.6 ml. aliquots of the salt solutions 

previously equilibrated against CCl, were used to induce swelling. 

TaBLeE II 

Delay of Red Cell Hemolysis in Hypertonic Solutions of Glycerol 

Final concentration of glycerol Time to reach optical density of 0.150 

M min. 

0.26 0.75 
0.53 3.00 
0.79 5.25 

Conditions: 0.4 ml. of a standard red cell suspension was added to 3.0 ml. of 

glycerol solution at the appropriate molarity. For other conditions, see the text. 

external solute is elevated. The delay in hemolysis would be expected 

since a finite time would be required for the osmotic pressure of the intra- 

cellular compartment first to equal and then to exceed the external osmotic 

pressure. The delay for red cell hemolysis in hypertonic solutions of 
glycerol is shown in Table II. Hemolysis was followed at 15 second 

intervals at 700 my. The time required to reach a fixed end point (0.150 

optical density unit) was determined from the resulting hemolysis rate 
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curves. The data clearly reveal the marked delay in hemolysis time with 

increasing external glycerol concentration. 

TaB_e III 

Delay of Mitochondrial Swelling in Hypertonic Solutions of Erythritol 

Final concentration of erythritol Time to reach optical density of 0.450 

a? ‘. a min. 

0.26 8.0 
0.39 11.0 

0.52 12.0 
0.78 14.5 
1.04 18.0 

The conditions were as in Fig. 1, except that 2.6 ml. of the appropriate erythritol 

solution were used in place of isotonic sucrose. 

T . T 1 ° ! ° ' “ ' ' 
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Fig. 2. Delay in phosphate-induced mitochondrial swelling in hypertonic sucrose. 

The conditions were as in Fig. 1, except that 2.6 ml. of the appropriate hypertonic 

sucrose solution were used. The final concentration of inorganic phosphate was 

0.02 M (potassium phosphate buffer at pH 7.4). 

As in the case of the red cell, mitochondria swell immediately (1) when 

placed in isotonic solutions of a penetrating solute. The expected delay in 

swelling when the mitochondria are suspended in hypertonic solutions of a 

penetrating solute is shown in Table III. Mitochondrial swelling was 

followed at 1 minute intervals at 520 mu. The time required to reach a 

fixed end point (0.450 optical density unit) was determined from the 

resulting mitochondrial swelling rate curves. Erythritol was chosen for 
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convenience since the swelling rate in glycerol solutions is too rapid for 

accurate measurement with the instrument employed. The data of 

Table III clearly reveal the marked delay in mitochondrial swelling time 

TaBLe IV 

Mitochondrial Swelling in Sucrose ¢ Solutions Saturated with CCl, 

ae density at 520 my 

Sucrose molarity 
| 

zo 3 min. | 35 min 

0.30 (no CCl.) | 0.810 | 0.830 
0.30 0.530 0.285 
0.40 | 0.585 | 0.279 
0.50 0.590 0.259 
0.60 | 0.640 0.262 
0.70 | 0.670 | 0.262 

0.9+ —— 0 4 
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0.2} 4 
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Fig. 3. Differences between carbon tetrachloride- and phosphate-induced mito- 

Preah swelling. The conditions were as in Fig. 1. The concentrations used 
were carbon tetrachloride, 83 per cent saturated; 0.02 M potassium phosphate buffer, 
pH 7.4; 0.004 m ATP; 0.002 m EDTA. O, control; A, potassium phosphate plus 
ATP; @, potassium phosphate; A, potassium phosphate plus EDTA; 0, CCl, plus 
EDTA; @, CCl, plus ATP; X, CCl. 

with increasing external erythritol concentration. This result was pre- 

dictable from the work of Tedeschi and Harris (1). 

This type of experiment was applied to the mitochondrial swelling 

produced by phosphate and carbon tetrachloride. Clearly, if the mito- 

chondrial swelling produced in isotonic sucrose solutions containing these 

agents is caused by a decrease in the mitochondrial permeability to sucrose, 

a delay in the decrease in optical density would be expected if the external 
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sucrose concentration were elevated. Typical data for phosphate-induced 

mitochondrial swelling are shown in Fig. 2. It may be noted that the 

final end point reached is identical for all sucrose concentrations used, as 

would be predicted by the colloid osmotic theory. The data (Table IV) 

show the effect of increased hypertonicity in producing an initial delay (at 

3 minutes) in carbon tetrachloride-induced swelling, although the final 

end points (at 35 minutes) are the same. These data on phosphate- and 

carbon tetrachloride-induced swelling clearly reveal the marked delay as the 

concentration of the external sucrose solution is elevated. 

Comparison of Carbon Tetrachloride- and Phosphate-Induced Swelling— 

Although an osmotic mechanism induces both carbon tetrachloride- and 

phosphate-induced swelling, there are differences in the actions of these 

agents. Fig. 3 shows the relative lack of protection afforded by ATP or 

EDTA against swelling in 0.30 m sucrose solution saturated with carbon 

tetrachloride, in contrast to the complete effectiveness of both substances in 

protecting the mitochondria against phosphate-induced swelling. In 

addition, the onset of phosphate-induced swelling is slow in comparison to 

that with carbon tetrachloride-induced swelling. These differences suggest 

different modes of action on the mitochondrial membrane, although the 

final result, the breakdown of mitochondrial membrane semipermeability, 

appears to be the same in both cases. 

DISCUSSION 

Fonnesu and Davies (9) state that ““Mn?+ or Mg**+ ions plus AMP can 

largely protect non-respiring liver mitochondria from swelling even in 

solutions as dilute as 40 mm sucrose.” If one assumes the intramito- 

chondrial concentration to be 0.3 osmolar, the osmotic gradient with a 40 

mm external sucrose concentration would be in excess of 7 atmospheres. 

According to Werkheiser and Bartley (16), rat liver mitochondria are 

permeable to sucrose to the extent of 60 per cent of the intramitochondrial 

water, and are possibly even somewhat permeable to molecules as large as 

inulin. These views contradict the widely held idea that the mitochon- 

dria behave as osmometers and that the mitochondrial membrane is a 

relatively impermeable structure. Compelling evidence in favor of the 

latter view is the work of Tedeschi and Harris (1), who showed that the rat 

liver mitochondrial membrane exhibits permeability characteristics re- 

markably similar to cell membranes which in general are relatively imper- 

meable structures. Schneider et al. (17) showed that virtually all of the 

endogenous liver citrate, either normally or when elevated 7-fold in fluoro- 

acetate poisoning, could be recovered in the isolated mitochondrial fraction. 

The capacity of isolated mitochondria to retain soluble enzymes, coenzymes, 

nucleotides, and ions has been widely observed. The osmotic behavior of 
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the mitochondria under the experimental conditions described in this 

publication is also consistent with the view that the mitochondrial mem. 

brane is normally impermeable to sucrose and that the osmotic behavior of 

mitochondria follows the expectations of classical osmotic pressure theory, 

The significance of the work reported here is that it supports a theoretical 

approach which envisages two types of mitochondrial swelling, viz. simple 

osmotic swelling and colloid osmotic swelling. The first of these involves 

either the osmotic adjustment to hypotonic conditions or the swelling 

observed in isotonic solutions of penetrating substances. The second type 

of mitochondrial swelling, observed in isotonic solutions of normally non- 

penetrating substances, occurs as a result of a decrease in the mitochondrial 

membrane permeability. If the impermeability of the mitochondrial 

membrane to protein is at least partly maintained, excess intramito- 

chondrial osmotic pressure due to electrostatically bound intramito- 

chondrial electrolyte would result in mitochondrial swelling, even if some 

loss of osmotically active material from the mitochondria did occur, 

Swelling under these conditions would then be due to the osmotic imbalance 

conditioned by the Donnan equilibrium. 

Colloid osmotic swelling is markedly influenced by adenine nucleotides 

and divalent metals, as the work of Fonnesu and Davies (9) and others 

clearly indicates. However, the conclusion (9) that these agents protect 

against swelling should in our view be limited to colloid osmotic swelling 

and not to the rapid initial adjustment of mitochondria to hypotonic 

conditions. This does not preclude the possibility that adenine nucleotides 

or other agents may not affect the rate of adjustment of mitochondria to 

hypotonic media. 

Werkheiser and Bartley (16) centrifuged mitochondria through a column 

of silicone dissolved in an organic solvent. In view of the rapidity of the 

changes induced by dilute aqueous carbon tetrachloride,‘ it appears to us 

that addition of a mitochondrial suspension above a non-aqueous phase 

could easily lead to significant penetration of the mitochondria by sucrose 

or other normally non-penetrable substances before and during the centrif- 

ugation procedure used by these workers. 

SUMMARY 

A simple test system is presented which confirms that an expected delay 

in the hemolysis of red cells in hypertonic glycerol and in the swelling of 

* Unpublished experimental work in this laboratory has indicated that the effec- 

tiveness of aqueous solutions of fat solvents in inducing a characteristic ATPase 
transformation (18), indicative of mitochondrial damage, in isolated normal rat 

liver mitochondria is inversely proportional to the water solubility of the fat solvent. 

The effectiveness of a series of organic solvents was thus found to be CCl, = CsHs > 
CHCl; > CH:Cl. > CH;CH,OCH.CH:;. 
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mitochondria in hypertonic erythritol, predictable from classical osmotic 

pressure theory, is observed experimentally. 

Application of this test to the mitochondrial swelling observed in isotonic 

sucrose solution in the presence of phosphate and carbon tetrachloride 

indicates that mitochondrial swelling produced by these agents is caused 

by a primary increase in the mitochondrial membrane permeability, ac- 

companied by movement of solvent into the mitochondria. 

_ 
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INFLUENCE OF POLYPHENOLS AND POTATO COMPONENTS 
ON POTATO PHOSPHORYLASE 

By SIGMUND SCHWIMMER 

(From the Western Regional Research Laboratory, Western Utilization Research and 

Development Division, Agricultural Research Service, United States 
Department of Agriculture, Albany, California) 

(Received for publication, November 4, 1957) 

Results reported previously demonstrated that inorganic phosphate in 

ethanolic extracts of potatoes inhibited the formation of long chain amyl- 

oses by phosphorylase without influencing the rate of liberation of inor- 

ganic phosphate from glucose 1-phosphate (1, 2). It was also learned that, 

in deionized extracts, liberation of inorganic phosphate in a phosphorylase 

assay system containing suboptimal concentrations of a starch primer was 

accelerated. This finding implied the presence in the original extract of 

true phosphorylase inhibitors capable of counteracting the effect of the 

activators (3). The present paper includes a report on the phosphorylase- 

affecting properties of fractions of the extract prepared in an attempt to 

isolate the inhibitory fraction. Consideration of these properties has led 

to the tentative conclusion that the inhibitory activity is associated with 

polyphenolic acid (or acids). Also included are the results on the inhibi- 
tion of phosphorylase by substances derived from anion exchange resins 

and by polyphenols and on the activation of phosphorylase by potato frac- 

tions and by a heat-stable, amylase-resistant component of human saliva. 

EXPERIMENTAL 

The preparation, assay, and definition of units of enzyme have been pre- 

viously described (2). To test the effect of each fraction described in 

Tables I and II, an aliquot of 0.5 ml. at pH 6.0 was added to the standard 

incubation mixture of 1 ml. containing 2.5 units of phosphorylase. All 

assays were carried out in duplicate in comparison with zero time controls. 

The effect of the addition substance was always compared with that of a 

control without an addition compound. Also, the possible effect of the 

addition compounds on the determination of inorganic phosphate was 
ascertained by recovery studies. In no instance did any of the addition 

substances used here interfere with the determination of inorganic phos- 

phate. When the potato fractions were manipulated to determine the 

effects of various treatments on the inhibitory activity, the volumes were 

adjusted to that of the original fraction after pH adjustment to 6.0. 

715 
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Results 

Inhibition by Polyphenols—Fig. 1 shows that chlorogenic acid inhibits 

the activity of potato phosphorylase. Table I shows that caffeic acid, | 

catechol, and epinephrine also inhibit enzyme activity, although theg 

substances are not as potent as chlorogenic acid. No inhibition was ob. 

served in the presence of tyrosine or of dihydroxyphenylalanine; the latter 

exerts an activating effect which is possibly significant. Bisulfite and as. 

corbic acid caused a slight inhibition. 

Since caffeic acid exerts a more powerful inhibitory effect than quinic 

acid, it is probable that the inhibitory action of chlorogenic acid, which js 

the caffeyl ester of quinic acid, is primarily associated with the caffey| 

100) 

c 
R4 
3 

é 
— 50+ 

r= 
® 
2 
® 
Qa 

O n i i 
| 2 > 4 5 

—Log CGA 

Fig. 1. Inhibition of potato phosphorylase as a function of the logarithm of the 
reciprocal of chlorogenic acid concentration (molar) in the enzyme reaction mixture. 

commen a 

moiety. The lack of inhibition by dihydroxyphenylalanine coupled with 

the observation that certain reducing substances are also slightly inhibitory 

would tend to eliminate any explanation based on the oxidation of essential 

enzyme sulfhydryl groups via orthoquinones formed from the corresponding 

phenols. Quastel (4) showed that such an explanation is valid for the 

inhibition of urease by polyhydric phenols. Fischer and Hilpert (5) found 

that phloretin, the aglycone of phlorizin, a polyphenolic glucoside related | 

to the anthocyanins, is a powerful inhibitor of potato phosphorylase. As 

is well known, phlorizin inhibits animal but not plant phosphorylase (5, 6). 

Purification of Inhibitor 

Step 1—1 kilo of peeled, diced potatoes (Russet Burbank variety) was 

extracted with 5 liters of hot 80 per cent ethanol. After blending, filter- 

ing, and reextraction of the residue, the ethanol was removed from the com- 

bined extracts by evaporation in vacuo at room temperature, and water 
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was added to the residue to 50 ml. (Fraction I, Table II). In agreement 
with previous observations, no inhibition by Fraction I was observed. 

TaBLe I 

Inhibitors of Potato Phosphorylase 

Substance | Concentration | Per cent inhibition a 

a | 

Chlorogenic acid............... | 10-1072 7-100 | 1.00 

ee | 5X 107 85 0.30 

BN aise 5:00.59 45 pe'sew aes | 5 Xx 10° 10 | <0.01 

ass .aewea ciex kun tous | 5 X 10°? | 57 0.03 

es eee 1X 10° 65 0.30 

ee eee 25x 10° | 0 | 0.00 

Dihydroxy phenylalanine ia is 5 X 1072 | -17 

oe ree | 1 x 107? 1 0.00 

oo  SReneee 1 xX 10-3 0 0.00 

eee | 5 X 107 16 0.02 

Sodium bisulfite............... | 2x 10°? 45 0.03 

ws Be = ratio of molar concentration of chlorogenic acid corresponding to the 
observed inhibition to molar concentration of test substance in the reaction mixture. 

TaBLe II 

Fs reparation of Potato Phosphorylase Inhibitor 

Fraction No. | Treatment yms.* Total inhibitory 
| CGA é sana 

I 80% ethanol 0.000 

II Lipide removal 0.000 

Ill 90% ethanol | 0.006-0.010 on 

IV Activated carbon 0.014-0.010 84-95 
V | Anion exchange | 4 -8 

VI Absolute ethanol Le <7 72-99 
| | | 

* Ice, = chlorogenic acid inhibitory index = ratio of n mg. of chlorogenic acid ¢ cor- 

responding to the observed inhibition in the presence of the fraction to mg. of frac- 
tion used per assay. 

t Total inhibitory activity = IGG, X mg. of fraction. 

Step 2—The lipides were extracted with three 50 ml. aliquots of pe- 

troleum ether, and the volume of the aqueous phase was adjusted to 100 

ml. (Fraction II). Both the lipide and the lipide-free fractions were de- 

void of inhibitory activity. 
Step 3—Absolute ethanol was added to Fraction II so that the final 

volume of the suspension was 1 liter. After remaining at 4° for 17 to 20 

hours, the suspension was filtered by gravity. The filtrate was then evapo- 
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rated to dryness, and the residue was taken up in 25 ml. of water. Jp. 

soluble residue, which was shown to be tyrosine, was removed by centrify. 

gation to yield 25 ml. of supernatant solution (Fraction III). The pre. 

cipitate from the treatment with ethanol exhibited phosphorylase-priming 
activity. Fractionation at room temperature was not effective in separat. 

ing inhibitor from activator. Additional primer activity could be separated 

from Fraction II by precipitation with 0.4 saturated ammonium sulfate. 

Step 4—To Fraction III were added 2.5 gm. of activated carbon (Norit 

A). After 30 minutes, the carbon was filtered off on a layer of Celite, 

After washing with 200 ml. of water, the filtrates were combined and diluted 

to 250 ml. (Fraction IV). 

Almost all of the brown color was removed by Step 4. Prolonged ex. 

posure to carbon resulted in a progressive loss of inhibitory activity from 

solution. The apparent increase in total inhibitory activity (Table II) 

indicates that residual primer was removed by this treatment. 

Attempts to remove this residual primer activity via hydrolysis with 

salivary amylase (7, 8) resulted in the finding that saliva contains a heat- 

stable activator of phosphorylase. As little as 0.02 ml. of boiled saliva 

per ml. of enzyme reaction mixture more than doubled the rate of liberation 

of inorganic phosphate. 

Step 5—Fraction IV was placed on a column (3 X 5 cm.) of Dowex | 
acetate anion exchange resin prepared from Dowex 1-X10 chloride, 200 to 

400 mesh (9). After the bulk of the volume was taken up by the column, 

200 ml. portions of the following were passed through at the rate of 15 

ml. per minute under positive nitrogen pressure: water, 0.33 N acetic acid, 

and 1 N acetic acid. The acetic acid was removed in vacuo at 40° from the 

effluent coming through with 1 Nn acetic acid (Fraction V). 

Part of the inhibitory activity of this fraction was due to the presence of 

an artifact derived from the ion exchange resin. Repeated washings with 
3.N acetic acid and the use of a three cycle regenerated resin did not elim- 

inate the appearance of inhibitory activity in appropriate blanks. This 

resin-derived inhibitor is a green solid insoluble in carbon tetrachloride, 

acetone, and alkali, but soluble in dilute acid and in slightly acidified 

absolute ethanol. Ultraviolet absorption spectroscopy revealed a distinct 

peak with a maximum at 290 my. The inhibitory activity of this fraction 

corresponded to a chlorogenic acid inhibitory index equal to 2.5 (see Table 

II). 

Step 6—Fraction V was taken up in 50 ml. of absolute ethanol, and the 

resulting suspension was centrifuged at 100,000 XX g. The residue was 

resuspended in 25 ml. of absolute ethanol and recentrifuged, and the resi- 

dues were dried in vacuo (Fraction V1). 

A summary of yields and inhibitory action of the fractions is shown in 

Table II. 
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Observations Relating to Polyphenolic Acid Nature of Inhibitor—The 

properties of the inhibitor preparation as revealed by the purification pro- 

cedure are in accord with the assumption that we are dealing with one or 

more polyphenolic acids. The following observations further substantiate 

this premise: (a) Preparations of inhibitor from potato peel were found to 

be much more potent than those from peeled tubers. Chlorogenic acid 

and other polyphenols are concentrated in the area under the peel (10-12). 

(b) Inhibitor preparations turn orange in the presence of acidified ammo- 

nium molybdate, indicative of the presence of polyphenols (13). (c) The 

inhibitory activity is adsorbed on anion but not on cation exchange resins, 

indicative of the acidic nature of the inhibitor. (d) Inhibitory activity is 

not associated with phosphate ester fractions of the potato. (e) Neutrali- 

zation of slightly alkaline solutions of inhibitor resulted in a drift towards 

alkalinity, indicative of the presence of a lactonizing group. Many poly- 

phenolic acids can undergo lactonization. (f) Dried neutralized prepara- 

tions turned brown and lost inhibitory activity. (g) Fresh preparations ex- 

hibited a diffuse maximal absorption between 295 and 320 mu, which upon 

subsequent deterioration was replaced by general absorption in the ultra- 

violet region, the absorbancy increasing with decreasing wave length. This 

behavior is quite typical of solutions of neutralized chlorogenic acid. (h) 

The inhibitory activity of the purest preparation was of the same order of 

magnitude as that of chlorogenic acid (see Fraction VI, Table IT). 

DISCUSSION 

The results presented herein demonstrate that potatoes contain both 

activator and inhibitor of potato phosphorylase. Considerations of the 

properties of purified inhibitor fraction suggest that the inhibitory activity 

is associated with fairly strong acids which are polyphenolic in nature. 

Based on the data of Hunter et al. (12) on the total polyphenol content and 

on the concentration of phosphorylase in the potato tuber (14), one can 

calculate that there are approximately 5 yweq. of polyphenol per 2.5 units 

of phosphorylase in a tuber. The data of Fig. 1 show that this concen- 

tration will inhibit 2.5 units to the extent of 75 per cent. In the peel area 
there is probably enough polyphenol to suppress completely phosphoryl- 

ase action. 

Inhibition by phenols may be related to the presence of pyridoxal phos- 

phate, which was recently reported to be present in pure preparations of 

crystalline muscle phosphorylase (15, 16). Braunstein (17) has stated 

that many polyphenols and quinones inhibit transaminases in concentra- 

tions similar to those effective in inhibiting potato phosphorylase. Re- 

cently Horvath (18) has reported that thyroxine also inhibits trans- 

aminases. Weinbach (19) found that phosphorylation at the glycolytic 

level is inhibited by concentrations of pentachlorophenol of the same order 
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of magnitude as that of chlorogenic acid effective in inhibiting potato 
phosphorylase. 

The rather unexpected result that heated saliva can activate potato 
phosphorylase indicates that an a-amylase-resistant, thermostable com. 

ponent of saliva can function as a primer of amylose synthesis or can po- 

tentiate the activity of a starch primer added to the enzyme assay system, 

The finding of potent enzyme inhibitors associated with ion exchange 

resins may serve as a note of caution in interpretation of enzymic effects 

of substances separated by this means. Hurlbert et al. (20) only partially 

eliminated colored and ultraviolet-absorbing material from Dowex | 

chloride columns by treatment with high concentrations of formic acid. 

SUMMARY 

It has been demonstrated that ethanolic extracts of potato contain both 

activators and inhibitors of potato phosphorylase. A procedure has been 

developed for the separation of these effects and for the enrichment of the 

inhibitory fractions. The properties and distribution of the inhibitory 

fractions indicate that most of the inhibitory activity is associated with 

polyphenolic acids present in the tuber. It has been found that certain 

polyphenols do inhibit activity of phosphorylase, the most potent of those 

tested being chlorogenic acid, one of the few polyphenols of potatoes so } 

far identified. These studies have also led to the finding that human saliva 

is capable of activating phosphorylase after the amylase therein is de- | 

stroyed by heat. Finally it has been demonstrated that certain anion | 
exchange resins shed potent artifactual potato phosphorylase inhibitors 

when eluted with acid. The significance of these findings with respect to 

the mechanisms of action of these inhibitors and their possible metabolic | 

role in polysaccharide synthesis are discussed. 
) 
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STUDIES IN STEROID METABOLISM 

VII. CHARACTERIZATION OF BIOSYNTHETIC TESTOSTERONE 

GLUCOSIDURONIC ACID AS METHYL-[{(TESTOSTERONE-178)- 

2,3,4-TRI-O-ACETYL-8-p-GLUCOPY RANOSID]-URONATE* 

By HERBERT H. WOTIZ, HSIEN-GIEH SIE, anp 
WILLIAM H. FISHMAN 

(From the Department of Biochemistry, Boston University School of Medicine, and the 
Cancer Research and Cancer Control Unit of the Department of 

Surgery, Tufts University School of Medicine, 

and the New England Center Hospital, 
Boston, Massachusetts) 

(Received for publication, December 10, 1957) 

Recently three independent groups have shown the existence of testos- 

terone glucosiduronic acid by the incubation of testosterone with rat liver 

(1) or with human prostatic tissue (2) and after the administration of 

large amounts of testosterone to humans (3). The evidence for identifica- 

tion rested mainly on the behavior on paper and the spectral characteristics 

of the steroid liberated by hydrolysis with 8-glucuronidase. That the 

substance is a monoglucuronide was clear from data which showed equi- 

molar amounts of testosterone and glucuronic acid (1) in the conjugate, 

and hydrolyzability of the latter by 6-glucuronidase indicated a B-glucosidic 

linkage (1-3). The glucuronic acid radical was assigned to position 17 

because the absorptions in the ultraviolet region of the conjugate and free 

testosterone were similar. This would exclude ring A and thus leave only 

ring D as the site of conjugation. 

The location of the glucuronic acid radical in testosterone glucosiduronic 

acid has now been questioned since (synthetic) androstenedione-3-enol 

glucosiduronic acid (4) possesses an ultraviolet spectrum indistinguishable 

from that of biosynthetic testosterone glucosiduronic acid. The possible 

existence of enol glucuronosides in nature was considered in 1953 (5). 

Quite certainly, the same ultraviolet spectrum could be expected for testos- 

terone-3-enol glucosiduronic acid. Thus, all the previous data (1-3) could 

be explained as well by the existence of testosterone-3-enol-8-p-glucosidu- 

ronic acid rather than by the presence of the glucuronic acid conjugate at 

position 17 of testosterone. 

There is a need, therefore, to characterize chemically the biosynthetic 

testosterone glucosiduronic acid, at least to the extent which will provide 

* These studies have been carried out with the assistance of research grants from 

the American Cancer Society, the National Institutes of Health, and Aids for Cancer 

Research (Boston). 
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an accurate picture of its structure. This has been done by comparing the cent 

infrared spectrum of authentic methyl-[(testosterone-178)-2,3,4-tri-O-ace. _ port 

tyl-8-p-glucopyranosid]-uronate with that of the triacetyl methy] ester of 188. 

testosterone glucosiduronic acid isolated from rat liver incubation mix. 

tures. Proof of structure of tetrahydrocortisone glucosiduronic acid by 

comparing its triacetyl methyl ester with the authentic derivative was ac. 

complished earlier in similar fashion by Schneider et al. (6). | 

EXPERIMENTAL 

The product of many metabolic experiments carried out with rat liver 

slices and testosterone (1, 7) wascollected as the ethyl acetate extract. The 

pooled residues (approximately 5 mg.) after evaporation of the solvent were 

esterified with methanol by the addition of 5.0 ml. of methanolic HC 

(0.075 m). The solvent was removed by evaporation below 10°. To this FE 

residue, 3.0 ml. of chilled pyridine and 3.0 ml. of acetic anhydride were _—2,3,, 

added in the cold. The reaction was allowed to take place at 0° for 20 prod 

minutes and then at room temperature for 24 hours. The volume of the “i” 
mixture was reduced by evaporation in vacuo below 40° and this material | a 

was poured into 70 ml. of ice water with stirring. An oil separated out 
which gradually solidified when left for several weeks in the cold. This | 

was purified by dissolving it in 95 per cent ethanol and by treating the | 
‘ ; ‘ : . 2 

ethanolic solution with charcoal. The mixture was filtered and water was O19 

added to the filtrate until turbidity appeared. This turbid mixture was | 3 

left in the icebox and yielded an amorphous solid. = 8 

The amorphous material was recrystallized twice from 50 per cent 

methanol, yielding a tan-colored semicrystalline residue. This was dis- 

solved in methanol, decolorized with a little Norit, and water was added 

until clouding occurred. After refrigeration for 96 hours, a white precipi- 

tate was obtained. The material was redissolved in methanol and one- 

twentieth of the sample was diluted to 10 ml. with methanol. This sample 

then was analyzed in a Beckman model DK2 ultraviolet spectrophotometer 

in the region from 340 to 220 my (Fig. 1). A maximum was found at 240 | F 

my corresponding in intensity to 130 y of methyl-[(testosterone-178)-2 3,4 test 

tri-O-acetyl-6-p-glucopyranosid]-uronate (total 2.6 mg.). The solution was tri- 

then evaporated under a stream of nitrogen and one-fifth of the sample was Perl 

analyzed in a Perkin-Elmer model 21 infrared spectrophotometer as a melt 

a> QF 

PERCENT TRAN 
i rm 

and was compared to a spectrum of methyl-[(testosterone-17()-2 ,3 , 4-tri-0- inet 

acetyl-8-p-glucopyranosid]-uronate (Fig. 2). the 

This reference compound was considered to be authentic for the follow- of 1 

ing reasons: The route of synthesis was that described by Shapiro (8) and higl 

the product had the expected properties. Thus, the carbon and hydrogen nea 

analyses calculated for C32HyO.-C2HsOH are C 62.73 per cent, H 7.74 per hyc 
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cent; found, C 62.50 per cent, H 7.51 per cent. The melting point re- 

ported (8) was 186-189° and the prepared substance melted from 188.2- 

188.5°. Moreover, deacetylation with barium hydroxide, followed by 

220 230 240 250 260 

MILLIMICRONS 

Fic. 1. Ultraviolet spectra of Curve a, synthetic methyl-[(testosterone-178)- 
2,3,4-tri-O-acetyl-8-p-glucopyranosid]-uronate; Curve b, acetylated and esterified 

product obtained from liver-testosterone incubation mixtures; Curve c, androstene- 

dione-3-enol B-p-glucosiduronic acid; Curve d, methyl-[androstenedione-3-enol- 

2,3,4-tri -O - acetyl -8-p-glucopyranosid]-uronate. All spectra were recorded on a 

Beckman model DK2 spectrophotometer in methanol solution. 
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Fic. 2. Infrared spectra of (Curve a) esterified and acetylated product from liver- 

testosterone incubations and (Curve b) synthetic methyl-|(testosterone-178) -2,3,4- 

tri-O-acetyl-8-p-glucopyranosid]-uronate. Spectra were recorded as a melt in a 
Perkin-Elmer model 21 infrared spectrophotometer. 

incubation with 6-glucuronidase, quantitatively yielded testosterone. Fur- 

ther evidence of the structure of this substance was obtained from a study 

of the infrared spectrum (Fig. 2, Curve b). This showed the expected 

high in density absorptions for the four ester groups of the sugar moiety 

near 1750 cm.~! and near 1220 cm.—' and 1040 cm.~'. The absence of 

hydroxy] stretching vibration bands confirms the position of the glucosidic 
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linkage at C-17, as do the ultraviolet spectrum and the blue Zimmermann 
color given by the product. 

As can be seen in Figs. 1 and 2 from the coincidence of the absorption 

peaks both in the ultraviolet and infrared regions, the material isolated 

from the incubation in vitro appears to be identical in all respects with the 
synthetic material. 

In Fig. 3 are shown the results of the paper chromatographic analysis of 

the conjugate, including a mixed chromatogram with authentic methyl. 

[(testosterone -178)-2,3,4-tri-O -acetyl-8-p-glucopyranosid]-uronate which 

shows no separation of the two substances, thus further verifying their iden- 

i b c a 

cM | 

25- 

30 

35 

‘el. UY 

Fic. 3. Paper chromatograms of Strip a, authentic methyl-[(testosterone-178)- 

2,3,4-tri-O-acetyl-8-p-glucopyranosid]-uronate (507); Strip b, acetylated and esteri- 

fied product from liver-testosterone incubations; Strip ¢, mixed chromatogram of 

Strips a (50 y) and b (50 y). 

tity. The compounds were chromatographed in a ligroin-ethylene glycol 

system. The chromatogram was stained with Zimmermann’s reagent, 

giving a deep blue color. 

DISCUSSION 

The evidence presented here shows that the glucuronic acid conjugate of 

testosterone formed during the incubation in vitro with rat liver after acety- 

lation and esterification is identical with synthetic methyl-[(testosterone- 

178)-2,3,4-tri-O-acetyl-8-p-glucopyranosid] uronate. 

The chemical characterization of a hormone and its metabolites is a 

requirement for any accurate understanding of the metabolism of the hor- 

mone. In the case of testosterone, the conjugates of its metabolites were 

known long before testosterone glucosiduronic acid was discovered. It is 

therefore interesting to consider that the first step in the metabolism of 
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testosterone, the primary testicular androgen, is its conjugation at position 

17 with glucuronic acid. The possible significance of this conjugation has 

been discussed elsewhere and its organ site is not limited to the liver (9). 

SUMMARY 

Testosterone glucosiduronic acid formed during the incubation of testos- 

terone with rat liver was converted to its polyacetyl methyl ester. The 

ultraviolet and infrared absorption spectra of this substance matched the 

corresponding spectra of pure authentic methyl-[(testosterone-178)-2,3,4-tri- 

0-acetyl-8-p-glucopyranosid]-uronate. This finding provides finite proof 

of the structure of testosterone glucosiduronic acid as testosterone-176-p- 

glucopyranuronoside. 
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COMPARATIVE ABILITY OF SOME STEROIDS AND THEIR 

ESTERS TO ENHANCE THE RENAL 8-GLUCURONIDASE 
ACTIVITY OF MICE* 

By WILLIAM H. FISHMAN anp J. B. LIPKINDt 

(From the Cancer Research and Cancer Control Unit of the Department of Surgery, and 
the Department of Biochemistry and Nutrition, Tufts University 

School of Medicine, and the New England Center Hospital, 

Boston, Massachusetts) 

(Received for publication, December 10, 1957) 

In earlier studies from this laboratory (1-3), it was demonstrated that 

on parenteral administration certain steroids, particularly those closely 

related to testosterone, possessed the ability to enhance the kidney 6-glu- 

curonidase activity of various strains of mice. Fishman, Artenstein, and 

Green (3) established experimental conditions which made it possible to 

obtain uniform and reproducible figures for mouse kidney $-glucuronidase 

activity in the Ajax strain of mice. A large number of steroids were 

screened. Androgens as a group were found to increase renal §-glu- 

curonidase, seven out of forty-nine pregnane and corticoid derivatives 

showed weak activity, and estrogens and progesterone were without 

effect. With use of testosterone as the reference steroid (which gave a 

3-fold response), they found that the following changes in the molecule 

enhanced the potency: (1) esterification of the 178-OH, (2) introduction 

of a 17a-CH; group, (3) reduction of the A* double bond, and (4) elimina- 

tion of the 19-CH; group. The following alterations reduced potency: 

replacement of the 178-OH (1) by a 17a-OH, (2) by a 17-ketone, and (3) 

by introduction of an lla-, 14a-, or 68-OH group. 

In the A®-androstenediol series, enhancement of activity was seen in the 

l7a-CH; compound, the potency of which was reduced by blocking the 

178-OH group or by oxidizing it to a 17-keto group. 

In the present report, conditions are described which make the assay 

more reliable and significant for steroids highly potent with regard to the 

renal 6-glucuronidase response. By this means, it was discovered that 

esters of testosterone had a much higher order of activity than that shown 

by unesterified testosterone. Moreover, the study of newer compounds 

by the “screening” method has yielded findings which bear on the relation- 

ship between structure and activity of some protein-anabolic steroids. 

* Aided by grants-in-aid Nos. P-106 and P-107, American Cancer Society, Inc., 
New York. 

t Summer Scholar, Aid for Cancer Research, 1956; Polio Summer Scholar, 1957. 
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STEROIDS AND RENAL 8-GLUCURONIDASE 

Materials 

Animals—Ajax male mice were obtained from the Jackson Memorial 

Laboratories, Bar Harbor, Maine, and were placed on experiment at a 
body weight of 23 + 3 gm. 

Diet—The animals were maintained on a synthetic diet (25 per cent 
protein, 25 per cent fat) described earlier (3). 

Steroids—The 16-oxygenated steroids were kindly supplied by the Ne. 
pera Chemical Company, the 17-alkylated nortestosterone compounds by 
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Fig. 1. Renal 8-glucuronidase activity as a function of log total dose of steroid 

administered. NTCP, nortestosterone cyclopentylpropionate; TCP, testosterone 
cyclopentylpropionate; TBP, testosterone bromopropionate; TP, testosterone pro- 

pionate; MT, methyltestosterone; and T, testosterone. 

Searle and Company, and the remainder of the steroids were generously 

donated by The Upjohn Company. Solutions of each were prepared in 

peanut oil (10 mg. per ml.) and the conditions for steroid testing were as 

described earlier (3). 

EXPERIMENTAL 

Investigation of High Potency Steroids—Log-dose relationships have been 

established for certain high potency steroids (Fig. 1). It may be seen that 

nortestosterone cyclopentylpropionate (NTCP) was as active as testo- 

sterone propionate at high dosage, whereas at lower doses of these steroids, 

NTCP is the more potent compound. Testosterone cyclopentylpropionate 

(TCP) and testosterone bromopropionate (TBP) showed identical po- 
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tencies at both low and high dosages. These are of a different magnitude 

from that of the first pair of steroids mentioned. 

Methyltestosterone (MT) and testosterone (T) exhibit linear log-dose 

relationships, with MT being more active than T. 

Relation of Response to Chemical Structure of Steroids—Table I lists the 

kidney §-glucuronidase factors obtained for twenty steroids and provides 

the statistical evaluation of these data with regard to findings considered 
significant in this paper. 

In the 16-oxygenated steroid series, none of the androstane and A‘- and 

A®-androstene derivatives having either a 16-hydroxy] or a 16-ketone group 

showed any significant activity. On the other hand, the presence of a 

168-OH or a 16-keto group on the estrane molecule did enhance the renal 

6-glucuronidase response, whereas, when the 16-OH was in the a position, 

there was no increased activity (Experiments 1, 2, and 3). 

The testosterone derivatives tested were chiefly related to 19-nortes- 

tosterone and 17-methyltestosterone. Thus, the addition of either a 17- 

ethyl or 17-methyl group to nortestosterone increased the kidney §-glu- 
curonidase factors to 7.8 and 7.2, respectively, from the level of 4.0 

(nortestosterone). The enhancement resulting from the introduction of a 

17-methyl group was observed previously in the pair of steroids, testos- 

terone versus 17-methyltestosterone. It is now noted that the introduction 

of an 118-OH group decreased the activity of methyltestosterone markedly. 

The further addition of a fluorine atom at the 9a position forming 9aF- 

118-OH-17-methyltestosterone counteracts the inhibiting effect of the 118- 

OH group. It is interesting that the analogous 11-keto compound gave 

only a moderate response. The replacement of the 178-OH by a 176-CH; 

group in A5-androstene-38,178-diol caused no change in activity. 

DISCUSSION 

Under physiological circumstances it would appear that mouse renal 

8-glucuronidase is under the control of a number of factors, including 

especially testicular androgens, the secretion of which is governed by inter- 

stitial cell-stimulating hormone (4). For mice of a pure inbred strain, the 

kidney enzyme levels are unusually constant and reproducible, a fact which 

may be determined genetically (5). Moreover, the ability of exogenous 

steroids to elevate the renal 6-glucuronidase titer above its normal level is 

a circumstance which has favored the development of a biochemical assay 

for androgens. 

This response is considered to be reasonably specific for androgens inas- 

much as estrogens, progesterone, and a large number of pregnane deriva- 

tives gave negative results. In the present report the new facts which bear 

on the nature of the renal 6-glucuronidase response are now discussed. 



TABLE I 

Relation of Response to Chemical Structures of Steroids 

Steroid B- b ne | 
Experi- 

Steroid category | ment 
No. 

Estrogens 1 

2 

3 
| 4 

Testosterone | 5 

and deriv- | 6 
atives 

7 

8 

9 

| 10 

11 

| 12 

16-Oxygen- 13 

ated andro-| 

drogens | 14 

| 15 

| 16 

17 

18 

19 

17-Oxygen- 20 
ated andro-| 21 

gens 22 

23 

24 

25 

Estradiol-3, 178 

Estradiol-3, 168 

Estradiol-3, 16a 

16-Ketoestrone 

19-Nortestosterone 
17-CH;-Nortestos- 

terone 

17-C.H;-Nortestos- 

terone 

17-CH;-Testosterone | 6 

118-OH-17-CH;-Tes- 
tosterone 

9aF-118-OH-17-CH;- 

Testosterone 
9aF-11-Keto-17-CH3;- 

testosterone 

178-CH;-A°-Andros- 

ten-368-ol 

A‘-Androstene- 

38, 168-diol 

Androstan-3a-ol-16- 

one 
Androstane-3a, 168- 

diol 
A*-Androstene- 

38, 168-diol 

A‘-Androsten-36- 

ol-16-one 

A‘-Androstene-3, 16- 

dione 
38-Methoxy-A°-an- 

drosten-16-one 
No steroid 
Testosterone 

17-CH;-Testosterone 

178-CH;-A5-Andros- 

ten-38-ol 

A‘-Androstene-38, 

178-diol 

17a-CH;-A*-Andro- 

stene-38,178-diol 

o 

Statistical significance of differences 

oe 

"No. 

ao 

10 

~J 

20 

24 

-5 |<0.01 

-75|<0.01 

-1 |<0.01 

-5 |<0.01 

<0.01 

<0.01 

<0.01 

3.70|<0.01 
| 8.50|<0.01 

6.5 |<0.01 

* Defined as the mean kidney §-glucuronidase activity of the test group divided 

by 3100, which is the value established for control groups not receiving steroid 

(Fishman et al. (3)). 
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Biochemical Assay of Steroids, Highly Active in Eliciting Renal B-Glu- 

curonidase Response—Our experience with a number of testosterone esters 

indicated that they all gave kidney glucuronidase factors in the range of 10 

to 17, never greater than 17. At that time, it was suspected that the re- 

sponse took place at the high dosage plateau of the dosage-response curve 

which was only slightly increased by a further increase in dosage. In 

testing highly active compounds, it was found that, the higher the potency, 

the greater the differences in the mean between that steroid and another 
must be if the two are to be considered unequal because there is 10 to 20 

per cent variation in the data for each steroid. The assay of such steroid 

esters at lower dosage as was given here did make for greater reliability. 

TABLE II 

Potency of Testosterone Esters 
spacncsiccesssiemcaa a eae : 

| «| Kid -glu- 
Total poanan, poem A ag Response units 

| factor (3) 

| . 
| mg. 1/D X 24 

Ciel Ga MURONEO) «0s 5055 Ria Said esies ee 0 | 1.0f 

IS 20 Seah cy. ote btn oc A oe 8 | 3.0 3.0 
Methyltestosterone......................... | 1 6.3 | 24.0 

Testosterone propionate.................... | 0.4 16.3 | 60.0 
cyclopentylpropionate.........| 0.8 12.4 30.0 

” bromopropionate.............. | 0.8 | 11.4 | 30.0 
re 0.16 | 15.7 | 150.0 Nortestosterone cyclopentylpropionate 

The figure in parentheses is a bibliographic reference. 

* Required to produce a kidney assaying 10,000 units per gm., according to Fig. 1. 

t Mean kidney §-glucuronidase activity = 3100 + 300 units per gm. 

The free steroids such as testosterone and methyltestosterone gave linear 

dosage-response curves which were different in slope from the testosterone 

esters. 

In order to make comparisons of potency in even an elementary fashion, 

a definition of a tentative renal 6-glucuronidase response unit is required. 

Accordingly, the reciprocal of the amount in mg. of steroid administered, 

under the standard conditions described, required to produce a kidney 

assaying 10,000 units per gm., multiplied by 24, represents the potency of 

the steroid in eliciting the renal 6-glucuronidase response. The factor of 

24 was chosen in order to adjust the units to testosterone as the reference 

compound where the kidney 6-glucuronidase factor for testosterone is taken 

as3. This has been done for the compounds in Fig. 1 and the comparative 

data appear in Table II. 

It is clear that the new way of expressing potency increases the range of 
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TaBLeE III 

of Biological Responses to Testosterone Propionate 

and Testosterone (Kochakian (6)) 

End point of response 

Pituitary inhibition 

Dosage for complete pi- 

tuitary inhibition 

Increase in combined 
weight (40 mg. dose; 

160 mg. dose) 

Increase in seminal ves- 

icle weight 72 hrs. 

after single injection 

30 days increase in body 

weight (% of original 

body weight) 

of control weight 

of levator ani muscle 
% 

7 day increase in weight 

of ventral prostate 

| 21 day increase (ventral 

prostate) 
“ce ce 

21 day increase in 

weight of seminal ves- 

icle 
“ “ 

7 day increase in weight 

of levator ani 

21 day increase in 

weight of levator ani 
“ “ 

21 day % inhibition of 

testis 

21 day % inhibition of 

testis 

Production of kidney 

6-glucuronidase 

734 

a 

81.3% 

15 mg. 

139 % 

158 % 

20 % (0.25 
mg.) 

253 % 

280 % (1 

mg. per 
day) 

810 % 

114% 

130 % 

bo w or 

107 

| 209 % 

| 118 

105 

82.0 

13.0 

60 

10,000 units per gm. 

T | Ratio, —* 

59 % 1.38 

75 mg. 5.0 

172 % 0.81 

362 % 0.44 

70 % (3.4 | Esti- 

mg.) mated 

44.0 
229 % 1.1 

190 % (0.1) 0.15 
mg. per 
day) 

380 % 2.13 

| 98 % 1.16 

114 % 1.14 

171 1.37 

100.01 1.07 

| 142% (0.35 1.47 
| mg.) 

| 106 (1.4 1.11 

mg.) 
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response to such an extent that high potency testosterone esters can be 

graded on the same scale as less potent ones. Moreover, the relationship 
of the potency of one steroid to another has changed; e.g., the ratio of 

kidney 8-glucuronidase factor for methyltestosterone versus testosterone is 

approximately 2.0, whereas the ratio of response units for the two steroids 

is 8. - Also, nortestosterone cyclopentylpropionate, which was not expected 

to be more potent than testosterone propionate on the basis of the ‘‘screen- 

ing” data, proved to be otherwise, potency 150 versus 60. 

In this connection it will be recalled that the previous kidney 6-glucuro- 

nidase factor (3) served as a means of grading steroids into three categories 

of activity. These were kidney 8-glucuronidase factors of 2 to 4, 5 to 10, 

and 10 to 16. The present measure of kidney 6-glucuronidase response 

provides a more quantitative assay of steroids and is recommended for the 

further study of compounds discovered to be active after a “‘screening”’ 

procedure. 
A review of comparisons of testosterone propionate versus testosterone 

by other assay methods (Table III) shows that, for many of these, testos- 

terone propionate did not markedly enhance the response above that ob- 

served for testosterone. This is in agreement with the generally held 

opinion that the outstanding characteristic of the esters of testosterone is 
that they prolong the duration of the biological effect of testosterone but 

do not enhance it. This contrasts with the 20-fold difference noted in the 

renal 6-glucuronidase response for this pair of steroids. 

Relation of Structure to Activity—From our previous work it appeared 

that the functional groups in ring D of the steroid molecule were most 

important in determining the activity of the compound. Particularly in- 

teresting correlations were found for position 17. The study of 16-oxy- 

genated steroids now shows unexpected activity in 16-ketoestrone and in 

estradiol-3,168. These substances are reputed to be weak estrogens. 

When the configuration at position 16 was a instead of 8, the compound 

was inactive. This is analogous to the results with 17-epitestosterone and 

testosterone (3). 

It was reported earlier that the introduction of a 17-methyl group en- 

hanced activity, e.g. methyltestosterone versus testosterone. Additional 

examples of enhancement of activity by 17-alkylation are reported in this 

paper (Table 1). Moreover, this result can be influenced by the nature of 

substituents at positions 9 and 11. Thus, the introduction of an 116-OH 

group into methyltestosterone reduces the activity to one-third of its orig- 

inal activity. Also, the presence of a halogen atom (fluorine) at position 

9 was a factor which had an influence on the activity of the steroids. 

Renal 6-glucuronidase response to androgens (3) was not related partic- 

ularly to the virilizing potency of the steroid. Rather, it seemed to be a 
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function of compounds reputed to possess a higher ratio of protein-anabolic 

to virilizing properties. Among the present series of compounds which 

show good potencies are the newer protein-anabolic agents (19-nortestos- 

terone, 17a-methyl nortestosterone). Accordingly, our previous impres- 

sion appears to be further supported by the present data. 

SUMMARY 

It has been possible to arrive at a more reliable estimate of the potency 

of esters of testosterone by means of the mouse renal 6-glucuronidase re- 

sponse. This was accomplished by means of a dose-response curve in 

which greatly reduced amounts of steroid were employed. The potency of 

a steroid in eliciting the 6-glucuronidase response was defined as 24 times 

the reciprocal of the dose required to produce a kidney assaying 10,000 

units per gm. The standard of reference is testosterone. According to 

this measure, testosterone propionate exhibits a potency of 60 and testos- 

terone one of 3.0. Nortestosterone cyclopentylpropionate was the most 

potent compound in eliciting the response (potency = 150). The exis- 

tence of as marked a difference in response to testosterone propionate and 

its other esters versus testosterone is reported here for the first time. 

3,168-Estradiol and 16-ketoestrone gave 2- to 3-fold increases in renal 

6-glucuronidase. 

The introduction into nortestosterone of a 17-methyl or 17-ethy] group 

was found to enhance its potency as measured by the renal 6-glucuronidase 

response. 

We wish to express our gratitude to a number of medical students who 

have assisted at one time or another in this investigation, particularly 

Mr. Edward Hogan, William Monafo, and John Laverty. 
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PURIFICATION AND PROPERTIES OF 
p-X YLULOKINASE IN LIVER 

By JEAN HICKMAN* anp GILBERT ASHWELL 

(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 

(Received for publication, January 8, 1958) 

In 1914, Levene and La Forge (1) identified L-xylulose as the sugar 

excreted in the urine of certain individuals with a benign metabolic lesion 

known as “essential pentosuria.””’ No further information on the origin 

of this pentose was forthcoming until 1935, when Enklewitz and Lasker (2) 

reported the highly significant observation that the ingestion of p-glu- 

curonolactone by these patients resulted in a large increase in the urinary 

pentose output. Shortly thereafter, Larson et al. (3) demonstrated that 

L-xylulose could serve as a precursor for glucose in diabetic dogs, although, 

with the techniques available at that time, they were unable to show 

significant utilization in normal animals. That this compound might 
function as a normal metabolic intermediate was first demonstrated by 
the work of Touster et al. (4), who reported that p-glucuronolactone was 

converted to L-xylulose by non-pentosuric human and guinea pigs. 

At this point, a new approach to the problem was made possible by 

the combined findings of a group of independent investigators. In 1954, 

p-xylulose 5-phosphate! was identified as an enzymatic product of ribose 

5-phosphate metabolism in spleen by Ashwell and Hickman (5). The 

significance of this compound was quickly established by Srere et al. 

(6), Horecker et al. (7), and their coworkers. They found that p-xylulose 

5-phosphate was the true substrate for the transketolase-catalyzed forma- 

tion of sedoheptulose 7-phosphate and thus an intermediate in the con- 

version of ribose 5-phosphate to glucose 6-phosphate by means of the 

pentose cycle. Further studies by Touster et al. (8) and by Hollmann and 

Touster (9) revealed the presence of an enzyme system in guinea pig 

liver mitochondria capable of reversibly reducing both L- and p-xylulose 

to a common intermediate, xylitol, thereby providing a mechanism for 

the interconversion of the stereoisomers of this ketopentose. From the 

above findings, Hollmann and Touster (10) proposed the following sequence 

* Submitted in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Biochemistry at Georgetown University, Washington, D. C. 

The following abbreviations are used: Xu5P, xylulose 5-phosphate; G6P, glucose 

6-phosphate; ATP, adenosine triphosphate; ADP, adenosine diphosphate; TEA, 

triethanolamine; MEA, monoethanolamine; DPN, diphosphopyridine nucleotide; 

TPNH, reduced triphosphopyridine nucleotide. 
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for the conversion of L-xylulose to glucose: 

TPNH DPN f ATP 

— xylitol — p-xylulose —— > t-Xylulose <= 

pentose 
p-Xu5P =— — 

cycle 
G6P =— glucose 

The presence of an enzyme system in mammalian tissue that is capable 

of phosphorylating p-xylulose, the only missing step in the above scheme, 

was reported in a brief communication from this laboratory (11). This 

finding indicated that mammalian tissue does possess the complete en- 

zymatic structure necessary to carry out the conversion of L-xylulose to 

glucose as postulated by Touster. The present paper describes further 

experiments to support the validity of the above reaction scheme and 

provides a more detailed study of the purification and properties of the 

enzyme pb-xylulokinase. 

Materials and Methods 

Materials—n-Xylulose was prepared by the action of Acetobacter sub- 

oxydans on p-arabitol (12). We are indebted to Dr. H. B. Wood and 

Dr. L. Stewart of this Institute for generously providing the synthetic 

pentitol and for aid in growing the organism. tL-Xylulose and pb-ribulose 

were obtained by the pyridine isomerization of L-xylose and p-arabinose, 

respectively (13, 14). In both cases, the crude reaction product was 

treated with bromine in order to convert the unchanged aldopentose to 

the corresponding aldonic acid, which was then removed with Duolite 

A-4. The effluent was concentrated in vacuo at 40° to a brown syrup 

and stored in an evacuated desiccator at 0°. Pure sedoheptulose was 

regenerated from the crystalline hexaacetate, provided by Dr. N. Richt- 

myer, by treatment with sodium methoxide. Phosphoenol pyruvate was a 

gift from W. E. Pricer, Jr., of this Institute. Subsequent batches were 

synthesized from £6-chlorolactic acid (15). Creatine phosphate and 

creatine phosphate transferase were prepared by Dr. Simon Black of this 

Institute. Alumina Cy was prepared as described by Willstatter et al. 

(16), and the calcium phosphate gel by Keilin and Hartree (17). Both 

gels were allowed to age from 6 months to 1 year before use. 

Potato phosphatase was purified by the method of Kornberg? The 

twice recrystallized lactic acid dehydrogenase, which contained phos- 

phoenolpyruvic kinase, was supplied by the Worthington Biochemical 

Corporation. All other substrates and cofactors were obtained from com- 

mercial sources. 

Analytical Procedures—Xylulokinase activity in the crude extract was 

2 Prepared from an unpublished procedure of Dr. A. Kornberg. 
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determined by measurement of the p-xylulose remaining in the supernatant 

solution after precipitation of the phosphorylated reaction products with 

barium and ethanol. The assay was proportional to increasing amounts 

of enzyme (Fig. 1). 

In more purified fractions, it was found convenient to follow the xylulo- 
kinase activity by measurement of the ADP formed in the kinase reaction 

by the method of Kornberg and Pricer (18). Excellent correlation was 

W ;, | 9 | 
2.4r- = 

= 
sa *-07F~ a 

x N . oer _ 

Os FF oe as 

O5 2 o.8r 

Ss 0.4 rf se 

S oettiict | 
0 .05 10 .20 

ML. OF LIVER EXTRACT 
Fig. 1. Assay method for p-xylulokinase. The reaction mixture contained 40 

umoles of TEA buffer, pH 7.4, 5 wymoles of MgCl., 5 umoles of ATP, 3.0 umoles of 

p-xylulose, and 2.0 umoles of cysteine in a total volume of 0.5 ml. Enzyme additions 

were as indicated. The mixture was incubated at 37° for 10 minutes and then stopped 

by addition of 0.2 ml. of 1 M barium acetate and 3 ml. of ethanol. The supernatant 

solution was assayed directly for disappearance of xylulose. A unit is defined as 

that amount of enzyme capable of phosphorylating 1 umole of p-xylulose per 10 min- 
utes under the above conditions. 

obtained with both methods. Colorimetric analyses of mixtures of the 

free and phosphorylated pentoses have been described previously (19). 

Phosphorus analyses were performed according to the King modification 

of the Fiske-Subbarow procedure (20), and protein analyses by the optical 

method of Warburg and Christian (21) and by the phenol method (22). 

Enzyme Purification 

The calf liver acetone powder was prepared and stored as described 

previously for spleen (19). Upon standing, the dried enzyme powder 

loses activity and the purification procedure becomes difficult to repeat. 

For the best results, the acetone powder should be less than 2 weeks old. 

Water Extract—10 gm. of calf liver acetone powder were stirred with 
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200 ml. of distilled water at room temperature for 20 minutes, and the 

insoluble material was removed by centrifugation. The crude enzyme 

extract is quite unstable and will not withstand freezing or prolonged 

storage at 0° (‘““Water extract,” 170 ml.). 

Ammonium Phosphate—To 170 ml. of the above extract were added 

44.2 gm. of dibasic ammonium phosphate, and the solution was allowed 

to stand for 30 minutes at 0°. The precipitate was collected by centrifuga- 

tion in the cold and dissolved in 30 ml. of distilled water, the enzyme was 

dialyzed overnight at 0° against 4 liters of 0.01 m K2»HPO,, and a small | 

amount of insoluble material was removed by centrifugation (“Ammonium 
phosphate,” 44 ml.). 

Gel Step I—To the dialyzed enzyme containing 1.56 gm. of protein 

were added 1.56 gm. of calcium phosphate gel (dry weight). In this, | 

TABLE I 

Purification of p-Xylulokinase 

| Total units | Specific activity 

| units per mg. protein 

SE TT ETE CUTE 5450 | 0.85 

Ammonium phosphate ..................... 3390 2.2 

Ey choo ins cae avewitinwnaisv aes 1590 | 9.0 
Asmpmmoriimt GORGE. «5c 5 6c seek cesseeeses 1480 12.5 

RR REC 780 | 41.0 
— 

as in the following gel steps, the purification obtained was by adsorption _ 

of inactive material, and the gel suspension was centrifuged to minimize — 

volume increases. Thus, 260 ml. of a gel preparation containing 6.0 

mg. of calcium phosphate per ml. were centrifuged, and the gel was sus- 

pended directly in the enzyme solution. After standing for 15 to 20 

minutes in the cold, the solution was centrifuged and the gel rejected. The 

supernatant solution, containing a total of 510 mg. of protein, was then 

treated with another 510 mg. of calcium phosphate gel, as described above. 

At this point, further addition of calcium phosphate proved ineffective. 

However, considerable purification could be obtained by a third treatment 

with alumina Cy gel. Here, as above, the best results were obtained when 

the gel to protein ratio was kept at 1:1 (‘‘Gel step I,” 46 ml.). 
Ammonium Sulfate—To the colorless gel supernatant solution was 

added an equal volume (46 ml.) of cold saturated ammonium sulfate, 

adjusted to pH 8.0, with concentrated ammonium hydroxide. After 

standing for several hours in the cold, the precipitate was collected and 

dissolved in a small amount of cold distilled water. At this stage of puri- 
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fication, the enzyme was stable at —12° for over a month (“Ammonium 
sulfate,” 6.0 ml.). 

Gel Step II—To 6.0 ml. of the ammonium sulfate fraction containing 

19.5 mg. of protein per ml. were added 117 mg. of alumina Cy gel. After 

standing for 15 to 20 minutes in the cold, the suspension was centrifuged. 

This supernatant solution, containing 6.2 mg. of protein per ml., was 

again treated with an equal weight of alumina Cy gel, and the gel was 

rejected as above. The final preparation was about 50-fold purified. 

The yield and specific activity of each step are given in Table I (“Gel step 
II,” 6.0 ml.). 

Ww 
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=o 
236 

pH 

Fig. 2. pH optimum of p-xylulokinase. Assay conditions were as described in 

Fig. 1. A, acetate; O, phosphate; @, TEA; @, MEA. 

Properties of p-Xylulokinase 

Stability—Preparations of p-xylulokinase are generally unstable and 

lose most of their activity within a few days after preparation. It is 

therefore advisable to proceed to the ammonium sulfate step without 

interruption. At this point, the enzyme may be stored at —12° for over a 

month. However, repeated freezing and thawing are to be avoided. The 

enzyme can best be stored in small aliquots which can then be carried 

through the final gel step separately. The addition of sulfhydryl com- 

pounds was ineffective in the stabilization of the enzyme. Attempts 

to preserve the preparation as a lyophilized powder met with variable 

success, 

pH Optimum—The phosphorylation of p-xylulose proceeds maximally 

in the pH range of 7.5 to 8.5, as shown in Fig. 2. Routine assays were 

carried out at the lower pH in order to minimize the alkaline-catalyzed 

destruction of the reaction product. 

Specificity—The enzyme appears to be specific for p-xylulose. Among 
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. ° ° ° } 
the substrates tested and found inactive were L-xylulose, D- and L- ribulose, 
p- and L-xylose, p-ribose, D-fructose, and D-altroheptulose (sedoheptulose), 

Inhibitors and Activators—The kinase appears to be a sulfhydryl enzyme 

in that its activity was completely blocked by 10-* m p-chloromercur. | 

benzoate, but was fully restored by the addition of 10-* m cysteine. Fly. 

oride and iodoacetate at comparable concentrations were without effect, 

A stimulation due to magnesium was evident, even in the crude extract, 

whereas more highly purified preparations were completely inactive in 

the absence of this metal. Cobalt, manganese, calcium, iron, and zine 

were unable to replace magnesium. 

TaBLeE II* 

Effect of ATP:MgClz Ratio on p-Xylulokinase 

. Creatine phosphate oe 
ATP ADP MgCle aia thamdliindan D-XuSP formed 

5 — 5 _ 1.40 
5 | — 20 ~ 1.20 

20 | = 5 — 0.60 
20 — 20 - 1.40 
5 0.9 5 = 1.23 
5 2.5 | 5 = 0.77 
5 5.0 5 —_ 0.74 
5 5.0 20 - 0.78 
5 a 5 ofp 2.10 

* Assay conditions were as described in Fig. 1. All figures are given in micro- 

moles. 

Optimal activity was obtained when a MgCl.-ATP ratio of at least 

l was maintained. It canbe seen from the data in Table II that the marked 

inhibition caused by a 4-fold increase in ATP was completely overcome 

by an equal amount of MgClo. Addition of ADP caused a similar in- 

hibition, which, however, was unaffected by increasing concentrations 

of MgCl.. When the accumulation of ADP was prevented by the in- 

clusion of creatine phosphate and its transferase in the reaction mixture, 

an appreciable stimulation of activity was noted. 

Effect of Substrate Concentration—In order to investigate the effect of 

substrate concentration on the kinase reaction, it was necessary to employ 

an assay system more sensitive than that used in the major portion of this 

work. The method used was developed by Dr. J. Hurwitz of Washington 

University and involved the measurement of the amount of Xu5P formed 

in the incubation mixture. Phosphoketolase was allowed to react in 

the presence of inorganic P® with Xu5P to give P*®-labeled acetyl phos- 

phate. The acetyl P® was then determined quantitatively by adding ADP 
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and acetokinase, by adsorbing the ADP-P® formed on charcoal, and measur- 

ing the activity. In this manner it was possible to determine extremely 

small amounts of Xu5P. The over-all reaction is formulated as follows: 

: : ohosphoketolase , 
Xu5P + inorganic P* | ——> acetyl P® + triose phosphate 

Acetyl P® + ADP —Seetemineee a nctate + ADP-P* 

The incubation mixture, which contained 5.0 umoles of ATP, 5.0 umoles 

w . 

° | 

0.8;- 

o.6- 

nw F&F wD @ 0.4;- 

Vv x 10> Seems 
0 4 8 12 16 20 24 
i/s x 10% 

0 l | | | j 

1@) 2 4 6 8 10 l2 

D- XYLULOSE, M X 103 

Fig. 3. The effect of p-xylulose concentration on the reaction velocity. The 
assay conditions and methods are described in the text. 

0.2 re) 

D-Xu-5-P FORMED IN IO MIN, Mxi0? 

of MgCl:, 40 wmoles of TEA buffer at pH 7.0, 1.0 umole of cysteine, and 

0.075 ml. of the crude extract in a total volume of 0.5 ml., was incubated 

for 10 minutes at 37°, boiled for 1 minute to stop the reaction, and then 

chilled. p-Xylulose concentrations were as indicated in Fig. 3. Xu5P 

concentration was determined by the phosphoketolase-acetokinase reac- 

tion. 

0.01 and 0.22 ml. aliquots of the incubation mixture, 0.76 umole of P; 

(1.94 X 10-* c.p.m.), 25 uwmoles of succinate buffer at pH 6.0, 10 umoles of 

MgCl, 0.025 umole of thiamine pyrophosphate, 0.9 umole of ADP, 0.005 

ml. of 0.03 m glutathione containing 2.5 X 10-* m Versene, 60 units of 

phosphoketolase, and 1.2 units of acetokinase, in a total volume of 1.3 

ml., were incubated for 10 minutes at 37°. The reaction was stopped 
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by the addition of 1.0 ml. of 2.5 per cent cold perchloric acid. To this 

solution were added 20 mg. of acid-washed charcoal (Darco) to adsorb | 

the ADP-P®. After standing 5 to 10 minutes at 0°, the sample was diluted 

to 10 ml. with the perchlorate solution and centrifuged. This process 

was repeated two more times and the charcoal transferred to a sintered 

glass planchet and counted. The results are shown graphically in Fig, 3. 

An attempt was made to determine the affinity constant for p-xylulose by 

means of a Lineweaver-Burk plot of the data, and a K,, of 4 X 10° y 

was obtained. However, because of appreciable substrate inhibition, 

this figure must be regarded as an approximation. 

Preparation and Isolation of Product 

When the enzyme preparation was incubated with p-xylulose and ATP, 

a mixture of ribose, ribulose, and xylulose 5-phosphate resulted, thereby 

indicating the presence of phosphoribose isomerase and phosphoketopento- 

epimerase. The reaction mixture, containing 1000 ywmoles each of p-xylu- 

lose, ATP, and MgCl, was incubated with 100 mg. of enzyme (‘“Am- 

monium sulfate” step) in a total volume of 150 ml. of 0.02 m TEA buffer 

at pH 7.6 for 30 minutes at 37°. The reaction was stopped by the addi- 

tion of 7.5 ml. of 60 per cent perchloric acid, the mixture was centrifuged, 

and the precipitate washed with water. The supernatant fluid and wash- 

ings were combined, adjusted to pH 2.2 with 5 n KOH, and treated with 

100 ml. of a 30 per cent charcoal (Darco) suspension. The charcoal was 

allowed to stand for 30 minutes, was removed by filtration, and then 

washed with 60 ml. of water. The efficiency of the charcoal treatment 

was checked by the determination of the optical density at 260 my after 

filtration. The combined filtrate and washings (400 ml.) were adjusted 

to pH 6.8 with 1 n KOH, and the sugar phosphates were precipitated 

by the addition of 5 ml. of 1 m barium acetate and 4 volumes of ethanol. 

The precipitate was collected, washed with ethanol and ether, and dried. 

The dry barium salt, weighing 206 mg., contained 360 umoles of total 

phosphate and 30 umoles of inorganic phosphate. The results of the 

analysis of the reaction product are shown in Table III. 

Further confirmation of the identity of the sugar phosphates was ob- 

tained by enzymatic dephosphorylation and isolation of the sugars as 

their borate complexes. The barium salt was dissolved in dilute H,S80, 

and the barium sulfate removed by centrifugation. To the supernatant 

fluid, adjusted to pH 5.0, were added 20 mg. of MgCl: and 68 mg. of sodium 

acetate. The reaction flask was placed in a water bath at 37°, and 15 

ml. of potato phosphatase were added in 5 ml. portions over a 3 hour 

period. At the end of this time all of the organic phosphate had been 
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hydrolyzed. The sugar solution was deionized on a mixed bed resin of 

Duolite A-4 and Amberlite IR-120. 

The free pentoses were made 0.01 mM with potassium borate. They 

were added to a Dowex 1 borate column (2.2 X 30 cm.), and washed with 

50 ml. of 0.01 m borate. The rate of flow was adjusted to about 1 ml. 

per minute, and 12 ml. fractions were collected. Xylulose (tubes 36 to 

65) and ribose (tubes 66 to 100) were eluted from the column with 0.02 

m borate. The borate concentration was then increased to 0.05 m, and 

TaBLeE III 

Assay of p-Xylulokinase Reaction Products 

oe a re l a> 

Component in — ae 
pest a | pmoles | spmclas 

Xylulose eke JSischaces teste 150 100 
Ribulose.......... ae eee ee ot 100 67 

ee dcWeG Nate ariel vena ne 80 55 
J. ES |—— ant Seeeneeee a 
TE eG cst havc icis feat ee otets pia ie ae ee 330 222 

TABLE IV 

Optical Rotation of Dephosphorylated Reaction Product 

Fraction lal observed | {al authentic sugar 
| 

7 degrees | degrees 

CNC TT Ben Ly eet penne meee | —33.2 —33.1 
Re rea rery cane nega en eee —22 | —23.2 
Rl yc wien non cate qatar iceiae as oe —15 —16 

the ribulose fraction was collected (tubes 151 to 175). The tubes in each 

peak were pooled separately and treated batchwise with Amberlite IR-120 

(H*) in order to convert the potassium salt to free boric acid. The resin 

was removed by filtration, and the filtrate was concentrated to a syrup 

in vacuo at 40°. The syrup was dissolved in 75 ml. of methyl alcohol, 

and the methyl borate was removed by distillation in vacuo (23). This 

process was repeated three times. The syrups were dissolved in water, 

treated with charcoal, and filtered. Water-clear solutions of the sugars 

were obtained. Recovery of the dephosphorylated pentoses is shown in 

Table IIT. 

Xylulose was identified by its characteristic reaction in the cysteine- 

carbazole and orcinol reaction (19). Upon paper chromatography with 
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phenol-water (9:1) and amyl acetate-acetic acid-water (3:3:1), the xylu- 

lose fraction gave a single spot corresponding to known xylulose. The 

optical rotation of the recovered sugar is shown in Table IV. The xylu- 

lose fraction formed a crystalline p-bromophenylhydrazone that melted 

at 126-128° and remained unchanged when mixed with a similar deriva- 
tive prepared from authentic xylulose. The identity of the ribose and 

ribulose fractions was checked by optical rotation, paper chromatography, 

and colorimetric analysis (Table IV). 

DISCUSSION 

The data presented here for the metabolism of p-xylulose by means of a 

specific p-xylulokinase complete the sequence of known enzymatic reac- 

tions in animal tissues whereby L-xylulose is converted to glucose. This is 

in accord with and strongly supports the original postulation of Hollmann 

and Touster that p-xylulose, resulting from the reduction of L-xylulose to 

xylitol and the subsequent oxidation of the xylitol, enters the pentose 

cycle as p-Xu5P. An important consequence of these observations lies 

in the tentative establishment of a new cyclic pathway for the oxidation 

of glucose. Thus, glucuronic acid, which is known to be derived directly 

from glucose without prior cleavage of the carbon chain (24), has recently 

been shown to be the precursor of L-xylulose in mammalian tissues (25-28), 

The cyclic nature of these reactions may be indicated briefly as follows: 

Glucose 

Fo \ 

p-Xu5P p-Glucuronie acid 

p-Xylulose L-Gulonic acid 

mh Lf 

L-Xylulose 

Significantly, in addition to giving rise to L-xylulose, both p-glucuronic 

and t-gulonic acids have been identified as precursors of ascorbic acid in 

various animals other than man and the guinea pig (29, 30). A more 

detailed inspection of the reaction sequence has prompted the suggestion 

of 3-keto-L-gulonic acid (3-keto-L-galactonic acid) as the hypothetical 

intermediate in the formation of L-xylulose from L-gulonic acid (25, 31). 

From structural considerations, it can be seen that enolization followed 

by lactonization could readily lead to the formation of ascorbic acid, 

and that decarboxylation would yield L-xylulose. Consequently, the 

significance of this compound lies in the fact that it may well represent a 

point of bifurcation of two diverse metabolic pathways, one of which, 

ascorbic acid formation, is missing in man, monkey, and guinea pig. 
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CHO COOH na. tes CO, 

| | z 
HCOH HOCH HOCH CH.OH 

| | | 

| —_—-- » —_ > 

HCOH HCOH HCOH HCOH 

| | | 
HCOH HOCH HOCH HOCH 

| 
COOH CH.OH - CH:OH__| CH.OH 

p-Glucuronic L-Gulonic L-Xylulose 

acid acid ; 

oO 

Vi 
7 

L | HOC 

| oO 
HOC 

| 
HC 

| 
HOCH 

| 
CH,0H 

L-Ascorbie acid 

SUMMARY 

Evidence is presented for the occurrence in mammalian liver of a specific 

p-xylulose-phosphorylating enzyme that catalyzes the reaction: 

p-Xylulose + ATP — p-Xu5P + ADP 

This enzyme has been isolated in a partially purified form, and a study 

of its properties was undertaken. The data support and document further 

the hypothesis of Hollmann and Touster that L-xylulose is converted to 

glucose by a series of reactions involving the pentose cycle. The sig- 

nificance of this finding in relation to a new cyclic pathway for glucose 

metabolism is discussed. 
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IMMEDIATE EFFECTS OF INSULIN ON GLUCOSE 
UTILIZATION IN NORMAL RATS * 
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(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
and the Department of Chemistry, Temple University, 

Philadelphia, Pennsylvania) 

(Received for publication, December 27, 1957) 

At present a wealth of data may be cited in support of the concept 

that insulin promotes the utilization of glucose, either by increasing cel- 

lular permeability or by increasing the speed of a rate-limiting intra- 

cellular reaction (1-6). However, none of these numerous studies has 

clearly established an enhanced glucose utilization as the cause of the 

immediate hypoglycemic action of this hormone. This uncertainty has 

been emphasized recently as a result of isotopic tracer studies, carried 

out in our own and other laboratories, showing that part of the immediate 

hypoglycemic action of insulin is due to inhibition of entry of glucose into 

the blood stream, presumably by suppression of hepatic glucose output 

(7-10). 
It was recognized by the earliest investigators of insulin action (11) 

that the most direct and least ambiguous test of the immediate effects of 

this hormone would be to find out what happens to the glucose which 

disappears immediately from the blood when insulin is given to an intact 

animal. Cori, who with his colleagues have conducted many such balance 

studies, has pointed out the technical difficulties of this approach (11). 

The principal difficulty is the relatively small amount of blood glucose 

compared with the amount of this sugar present in the form of glycogen 

of muscle and other organs. In order to show an effect of insulin on de- 

position of muscle glycogen, relatively large amounts of glucose had to 

be given simultaneously with the insulin, and experiments had to be pro- 

longed considerably beyond the time when insulin exerts its maximal 

hypoglycemic effect. 

However, use of C'*-labeled glucose avoids the limitations imposed by 

balance studies. By labeling the blood glucose, its translocation into 

tissues and its conversion to metabolic products can be followed with 

* Aided by funds provided by the National Cancer Institute, National Institutes 

of Health, the American Cancer Society, and the United States Atomic Energy 

Commission, contract No. AT (30-1)777. 

t This work will constitute part of a thesis to be presented to the Graduate Council 
of Temple University by Herman W. Levin in partial fulfilment of the requirements 

for the degree of Doctor of Philosophy. 
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relative ease, even though the quantities transformed are too small to be 

detected by quantitative analysis. In the present study, this procedure 

was used to determine early effects of insulin administration on glucose 

oxidation and on the conversion of glucose to liver and muscle glycogen 

in normal, fasted, and post-absorptive rats. 

Methods and Results 

Conversion of Glucose to Respiratory CO.—-Our first attempts were directed 

to demonstrating an early effect of insulin on glucose oxidation in the 

intact rat. Pairs of male rats from our stock colony were chosen for 

uniformity of age and weight and were fasted from 20 to 24 hours. They 

were then given a trace dose of uniformly labeled glucose by intraperitoneal 

injection. One rat was given, at the same time, an intraperitoneal injec- 

tion of insulin in a dosage of 20 units per kilo, a quantity sufficient to pro- 

duce a rapid hypoglycemia. The other rat was used as a control. Each 

was immediately placed in a glass metabolism chamber, and respiratory 

COz was collected quantitatively at 15 minute intervals as previously 

described (12). The carbonate which collected in the bead tower was 

precipitated as BaCO;, which was then filtered, dried, weighed, and as- 

sayed for radioactivity. Fasted rats do not tolerate insulin well in the 

dosage given. After 90 to 120 minutes they begin to have convulsions 

and die in about 3 hours. This was not regarded as a serious obstacle 

to our purpose, since we were primarily interested in only short periods 

following insulin administration. However, it prevented comparisons 

over extended periods. 

The results proved disappointing, since the differences observed were 

minimal. Insulin did not cause a measurable change in total CO, out- 

put, but in favorable experiments the specific activity of the COs: rose 

more rapidly and reached a higher peak in the insulinized than in the 

control rats. In general, results of these experiments indicated an im- 

mediate acceleration of glucose oxidation by insulin, but the differences 

were not sufficiently clear-cut to be conclusive. It is evident from the 

work of other investigators (13) that there is a lag period of the order of 

30 minutes or longer between the intracellular appearance of CO, and its 

collection from a respiration chamber, owing to the relatively large dilution 

by the “pool” of bicarbonate in the blood. Contributing also to the lag 

is the time necessary for absorption of the CO, from the metabolism 

chamber. It was felt that this could be minimized (though not entirely 

eliminated) by direct collection and assay of the bicarbonate in the blood. 

This procedure had the further advantage that it could be combined with 

the isolation and assay of tissue glycogen. After considerable trial, the 

following satisfactory procedure was developed. 
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For purposes of illustrating the procedure, and the data which can be 

ralculated therefrom, a typical experiment is described in detail below and 

the data are given in Table I. Two male rats, matched for age (about 3 

months) and weight (about 200 gm.), were each given an intraperitoneal 

injection of 1 ml. of an aqueous solution of 0.1 mg. (1.1 ue.) of uniformly 

labeled glucose. One was given in addition a solution of glucagon-free 

insulin! at a dosage of 20 units per kilo (approximately 4 units), while 

the other received the same amount of buffer solution without insulin. 

TABLE [| 

Blood Bicarbonate and Muscle and Liver Glycogen after Glucose-C™ Injection 

Glucose metabolism products 

Insulinized Control 

| Blood bi-| Liver | Muscle | Blood bi-| Liver | Muscle 
carbonate | glycogen | glycogen | carbonate | glycogen | glycogen 

Size of sample taken.......... | 3 5.267 | 21.2t | 3* | 5.00T 21.3t 

Amount of product isolated, 

BEI cee ake ees ...| 10.5} eee 68.5 | 10.2¢ | 1.1 | 55.9 

Specific activity§..... ..| 374 70 | 33 263 63 3 

Total activity||.... er 3 370 567 3 25 
Per cent incorporated § ee 1.8 0.006 0.8 1.3 0.005 0.05 

*In ml. 

+ In gm. 

t As BaCO3. 

§ Specific activity = counts per minute per standard planchet, corrected for 

self-absorption. 
|| Total activity = specific activity X milliatoms of carbon in sample. 

{ Per cent of original dose incorporated =(total counts incorporated xX 100)/- 

total counts administered. 

Exactly 15 minutes later each rat was decapitated with heavy shears, 

and the blood was collected in a small beaker containing a few drops of 

heparin solution. Exactly 3 ml. were immediately pipetted into a 25 

X 3cm. test tube containing 5 ml. of 0.5 m sodium hydroxide, 0.25 mmole 

of sodium carbonate as a carrier, and a few drops of silicone antifoaming 

agent. The tube was tightly stoppered and kept at room temperature 

for subsequent evolution and collection of the blood COz. Another 0.2 

ml. portion of blood was deproteinized by the method of Somogyi (14) 

for blood sugar determination by the anthrone method (15). Meanwhile, 

the liver was dissected as quickly as possible, weighed, and placed in hot 

30 per cent KOH for isolation of glycogen by the method of Boxer and 

1 Kindly supplied by Eli Lilly and Company, Indianapolis, Indiana. 
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Stetten (16). The same was then done with the muscle, all of the easily 

obtainable skeletal musculature being included. Approximately 5 gm. 

of liver and 20 gm. of muscle were worked up in these experiments, the 

former being placed in alkali within 3 minutes, and the muscle within 
10 minutes of the death of the rat. 

The CO, was liberated from the blood by addition of dilute sulfuric 

acid and was drawn by suction into a bead tower containing an excess of 

CO,-free NaOH solution, by means of a stream of CO--free air. 

The glycogen was purified by repeated precipitation from a 10 per cent 

trichloroacetic acid solution with 1.2 volumes of alcohol and, after washing 

with 95 per cent ethanol, was precipitated from a water solution and dried 

in a vacuum desiccator. The glycogen was weighed, and a sample was 

oxidized quantitatively by persulfate (17) to CO. for radioactivity assay. 

This procedure yielded the theoretical amount of CO: from glycogen. 

Radioactivity determinations were made with an ultrathin window 

counting tube with BaCO; samples spread over planchets of 7.5 sq. em. 

area. The specific activities are presented in Table I as counts per minute 

at “infinite thickness” after correction for self-absorption and for carrier. 

The glycogen levels were very low, of course, in these 24 hour fasted rats: 

about 0.02 per cent, with a range of 0.01 to 0.5 per cent in liver, and about 

0.3 per cent in muscle, with a narrow range of from 0.2 to 0.4 per cent. 

No significant differences in liver or muscle glycogen content were observed 

between the control and insulinized rats, nor were significant differences 

seen in blood bicarbonate content, which ranged from 1.28 to 2.27 mmoles 

per 100 ml., with an average of 1.69. 

As shown in Table I, the specific activity of the blood bicarbonate was 

raised by insulin injection. In this typical experiment, the blood bi- 

carbonate was diluted with 53.4 mg. of carrier barium carbonate to yield 

63.9 mg. total, with an activity of 61.3 ¢.p.m. On correcting for carrier, 

the blood CO, amounted to 10.5 mg. of BaCO; and had a specific activity 

of 63.9 X 61.3/10.5 = 374 ¢.p.m. This value is to be compared with 

263 c.p.m. in the control. As will be seen later, the degree of difference 

varied from experiment to experiment and was never very large, but a 

higher incorporation of glucose carbon in the blood bicarbonate of in- 

sulinized rats was consistently observed in every experiment of 40 minutes 

duration or less. 

By multiplying the specific activity by the milliatoms of carbon re- 

presented in the sample taken, we obtain a value of 374 X 10.5/197 = 

19.9 c.p.m. for the total activity of 3 ml. of blood. By taking two-thirds 

of the body weight (189 gm.) as a rough approximation of the bicarbonate 

pool size (13), the total activity of the blood bicarbonate would be 189 

xX 2 X 19.9/(3 XK 3) = 836 ¢.p.m. Thus, of the total 46,000 c.p.m. 
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injected, 836 X 100/46,000 = 1.8 per cent of the radioactivity given 

was present as blood CO». Similarly calculated, 567 ¢c.p.m. or about 1.3 

per cent was present as CO; in the control rat. This, of course, only 

represents the amount of glucose carbon present as blood CO2 and not 

the total oxidized carbon, since some CO, is already exhaled by this time. 

Muscle Glycogen—Much more remarkable were the differences in the 

incorporation of glucose carbon in the muscle glycogen; typical was the 

11-fold increase in specific activity of that from the insulinized rat in this 

experiment (Table I). The specific activity of 33 c.p.m. represents a 

total activity in the 68.5 mg. of glycogen (2.51 milliatoms of carbon) of 

2.51 X 33 = 83 ¢.p.m. Assuming that the incorporation in the dissected 

muscles is typical of the total musculature and that the total musculature 

is one-half of the body weight ((11) p. 181), there would be (83 X 189)/- 

(2 X 21.2) = 370 ¢.p.m., or 370 K 100/46000 = 0.80 per cent of the original 

dose, in the muscle glycogen. Similarly calculated, only 25 c.p.m. were 

incorporated in the muscle glycogen in the control rat, representing only 

0.05 per cent of the administered glucose. 

Liver Glycogen—In contrast with that of muscle, liver glycogen had a 

very low activity, and no appreciable difference was observed in incorpora- 

tion between the control and insulinized rat. The values are only very 

rough approximations owing to the negligible quantities of liver glycogen 

in these fasted rats. Nevertheless, they clearly indicate that under the 

conditions of these experiments, liver glycogen formation is very low com- 

pared with that of muscle. 

Temporal Changes; Blood Sugar—After thus giving a detailed account 

of a typical experiment, results are presented graphically in Fig. 1 for 

twenty such experiments conducted over periods of time ranging from 5 

to 190 minutes. The changes in blood sugar shown in the upper right 

section were as expected. The control values remained essentially con- 

stant at about 80 mg. per 100 ml., while those of the insulinized rats 

dropped rapidly, reaching a low point of 30 mg. per 100 ml. in 40 minutes. 

Blood Bicarbonate—The bar graphs in the lower right section show the 

changes in total activities with time in the blood bicarbonate. Though 

the differences between the control and insulinized rats were not remarkably 

large, a consistent pattern was observed. Up to 40 minutes, higher values 

were found with the insulinized rats, the maximal differences occurring at 

20 minutes. Later, the control rats caught up with and then exceeded the 

insulinized animals in CO, output from labeled glucose. These data show 

more clearly than did the experiments in which breathed respiratory CO: 

was collected that insulin causes a rapid, but transient, increase in glucose 

oxidation in the fasted rat, coincident with its maximal hypoglycemic 

action. 
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Muscle Glycogen—As shown in the upper left section of Fig. 1, total 

muscle glycogen was relatively constant. However, a most remarkable 

effect of insulin was observed on the incorporation of radioactivity therein 
(lower left section). This was already evident in 5 to 10 minutes, but the 
greatest differences were observed after 40 minutes; in contrast with the 
blood bicarbonate large differences were still evident even after 2 hours, 
The fact that these differences are coincident in time with the lowering of 
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Fig. 1. Effect of insulin on glucose utilization in 24 hour fasted rats. Clear bars 
are insulinized; lined bars are control rats. Liver and muscle glycogen levels are in 
per cent of body weight; total activities in per cent of total radioactivity administered 
as glucose. The values are averages of two, three, or four separate experiments 
with the ranges as shown. 
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per cent. Actually, the absolute conversion was quite low; even at the 

peak of incorporation at 60 minutes only about 6 per cent of the total 

administered glucose was so converted. There was a slow uptake of labeled 

‘arbon in the muscle glycogen of the control rats, but this was relatively 

small. Apparently there is an active turnover, since after 120 minutes the 

activity declined following the initial rise. However, in one experiment 

(not shown), even after 190 minutes, the respective specific activities of the 

insulinized and control rats were 314 and 14 ¢.p.m. 

Liver Glycogen—The liver glycogen levels (upper middle section of Fig. 1) 

were so low and so variable in these fasted rats that only a crude approxi- 

mation to its incorporation of the blood glucose could be ascertained. 

There was a tendency for that of the control rats to increase, and, as seen in 

the lower middle section, this slight increase in quantity of liver glycogen 

is accompanied by an increase in turnover. The control rats reached a 

maximal incorporation in 60 minutes. This was very low, however, in 

comparison with the muscle glycogen when one notes the large difference 

in the scales. Even this small incorporation is not shared by the insulinized 

rats, whose liver glycogen remained extremely low in activity throughout 

the entire experimental period. 

Glucose-Fed Rats—In order to explore further the nature of the action of 

insulin on liver glycogen, a similar group of experiments was performed with 

rats given, by stomach tube, a large dose of glucose and which were there- 

fore absorbing glucose during the experimental period. It was reasoned 

that liver glycogen formation should be rapid under these circumstances 

and an effect of insulin should be readily demonstrable. Any such effect 

of insulin should be due to a direct action on the tissue, since Cori ((11) p. 

147) demonstrated that insulin has no effect on the intestinal absorption of 

glucose. 

As in the previous experiments, pairs of rats were given trace doses 

of uniformly labeled glucose-C"“, but were also given by stomach tube 5 

mmoles of unlabeled glucose in 3 ml. of water. As before, one rat of each 

pair was given insulin, and the pairs were sacrificed at the intervals shown 

in Fig. 2. As seen in the upper right square, hyperglycemia ensued in all 

of the control rats, but those receiving insulin were hypoglycemic to vary- 

ing degrees at the time of death. As before, CO, output from glucose was 

somewhat greater from the insulinized rats at the shorter intervals, but 

the differences were not as pronounced as they were in the fasting animals. 

This result was not unexpected, since the hyperglycemia in the control 

rats would have been anticipated to elicit endogenous insulin secretion. 

Total muscle glycogen approximately doubled during the 4 hour experi- 

mental period (upper left section) with a slightly greater increase in the 

insulinized rats. The origin of this increased muscle glycogen from the 
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injected glucose is evident from the rapid increase in the incorporation of 

radioactivity, shown in the lower left section. An accelerating effect 

of insulin was already observed in 10 minutes and, though becoming smaller 

with time, was maintained throughout the 4 hours. Incorporation reached 

values greater than 20 per cent of the injected glucose in the insulinized 

animals, but was very high also in the control rats, in which it reached 

a peak of 13 per cent of the injected glucose. 

As has been already well established, the ingestion of glucose leads to a 

deposition of liver glycogen (upper middle section). This was slow during 
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Fig. 2. Effect of insulin on glucose utilization in fed rats. Data calculated as 
indicated in Fig. 1. 

the Ist hour, but increased rapidly thereafter, and at 4 hours the total 

was well above 2 per cent in the control rats. Liver glycogen deposition 

occurred also in the insulinized rats, but was much lower than that of 

the control at every interval. This pattern was observed also for incorpora- 

tion of radioactivity in liver glycogen (lower middle section), which reached 

over 8 per cent in the control rats in 2 hours, but only about 2 per cent in the 
insulinized rats. It is evident that insulin not only does not enhance liver 
glycogen deposition from ingested glucose, but also actually appears to 

suppress this process. 

Post-Absorptive Rats—As a further test of possible effects of insulin on 

liver glycogen, it was deemed desirable to learn how insulin would affect 

its deposition in post-absorptive animals in which the liver glycogen was 
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already high. Cori (11) has shown that, when rats are given a large dose 

of glucose, in 4 to 5 hours essentially all has been absorbed from the in- 

testine and that there is a high and uniform liver glycogen content of 

between 2 and 3 per cent. Experiments conducted in such post-absorptive 

rats are shown in Fig. 3. As seen in the upper right section, normoglycemia 

was found in the control and hypoglycemia in the insulinized rats. The 

same pattern of blood CO: activity was found as in the fasted rats. Muscle 

glycogen content was uniformly high in both control and _ insulinized 
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Fic. 3. Effect of insulin on glucose utilization in 4 hour post-absorptive rats. 
Data calculated as indicated in Fig. 1. 

animals, and, again as in the fasted rats, incorporation of glucose carbon 

therein was extremely high in the insulinzed as compared with the control 

rats. 

As observed previously by Cori (11), liver glycogen was initially at 2 

per cent or above in these post-absorptive rats (upper middle section). 

In control rats the liver glycogen content remained relatively constant at 

about 2.5 per cent, and during the 2 hours subsequent to labeled glucose 

administration the radioactivity increased steadily (lower middle section). 

In contrast, the liver glycogen of the insulinized rats declined steadily and 

by 2 hours was down to a low fasting level. During this period, there was 

very little uptake of radioactive glucose (lower middle section). Incorpora- 

tion of radioactivity was almost negligible at each time interval except the 
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last, and here, though the specific activity was high, there was so little 

glycogen present that the total incorporation was actually negligible. 

These results clearly indicate that there is no immediate uptake of glucose 

into glycogen of liver, such as occurs in the skeletal muscles. Apparently, 

much of the uptake in glycogen which would have occurred ordinarily 

was suppressed by insulin, and even this small amount is further minimized 

by the secondary glycogenolytic effects which come into play following the 

hypoglycemia. 

DISCUSSION 

Many attempts have been made to demonstrate an effect of insulin on 

glucose oxidation in vitro, but, with the exception of the rat diaphragm (18), 

no unequivocal results have ever been reported. Perhaps the best evidence 

of a direct effect of insulin on glucose oxidation in skeletal muscle has 

been provided by Wick et al. (19). In eviscerated rabbits, insulin caused 

a 4- to 5-fold increase in glucose oxidation over an 8 to 9 hour period. 

However, since the first samples of respiratory CO, were taken after a whole 

hour following insulin administration, and since no differences were ap- 

parent at this time, but only after longer intervals, it was uncertain whether 

this represented an immediate effect of insulin. 

It was not until the present work was essentially completed that a report 

appeared in which the effect of insulin on glucose oxidation was directly 

tested in intact rats (20) by following the incorporation of glucose carbon 

in respiratory CO. In contrast with our own data from respiratory CO, 

activities, alluded to earlier, Miller et al. (20) obtained highly reproducible 

oxidations of trace doses of glucose in intact rats and found a marked stimu- 

lation by insulin, which was evident in $ hour. Our blood bicarbonate 

studies, here reported, are in agreement with these results, and together 

with these show that acceleration of glucose oxidation occurs coincidentally 

in time with the hypoglycemic action of insulin. 

Muscle Glycogen—Abundant evidence is available to indicate that in- 

sulin enhances glycogen formation in muscles ((1-6), (11), p. 236, (19, 21)). 

All of these prior studies were conducted either in vitro or over time inter- 

vals which were long in relation to the hypoglycemic action of insulin and 

thus are inconclusive as to whether the observations represent primary ef- 

fects of the hormone. The results of the present study show that muscle 

glycogen deposition is enhanced coincidentally in time with the rapid in- 

duction of hypoglycemia in normal fasted rats and thus definitely indicate 

that part of the immediate hypoglycemic action of insulin is in opening a 

pathway for glycogen synthesis in skeletal muscle. 

Liver Glycogen—Definite evidence of an immediate insulin effect on 

glucose metabolism in liver is scanty and conflicting (21). Numerous 

studies have shown (22) that impairments of glucose utilization and lipo- 
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genesis by liver slices of alloxan-diabetic rats are repaired by insulin, but 

this requires relatively prolonged periods of pretreatment. de Duve and 

his collaborators (23-25) have championed the view that the primary 

action of insulin is in accelerating the deposition of liver glycogen. Under 

the conditions employed here, essentially none of the glucose which disap- 

peared quickly from the blood under the influence of insulin entered the 

liver glycogen despite the very marked effect in muscle. These observa- 

tions, if made in the fasting rat only, would have been ambiguous. The 

liver glycogen in these animals is already depleted. It is conceivable that 

these small amounts are “turned over” rapidly and a high incorporation 

may be overlooked through: compensatory effects induced by the hypo- 

glycemic condition. However, the same objection cannot be made to 

those experiments in which glucose was also given. Despite the fact that 

the control animals repleted their glycogen to approximately 2 per cent in 

2 to 4 hours, during this time, by utilizing for this purpose some 6 to 8 

per cent of the injected glucose, the insulinized animals raised the liver 

glycogen level to less than 1 per cent maximum, and the incorporation did 
not exceed 3 per cent. 

The same considerations apply to experiments with the 4 hour post- 

absorptive rats. These animals had a high liver glycogen initially. If 

glycogen were being formed but rapidly destroyed, an incorporation of 

radioactivity would have been observed during the early intervals of this 

experiment, while the liver glycogen was still high. However, there was 

negligible incorporation of radioactivity in the insulinized as compared 

with the control rats, and the only effect of insulin was a depletion of 

liver glycogen, probably owing to secondary effects of hypoglycemia. 

In critically examining all of the available information, Levine and 

Fritz (21) concluded that insulin does not have a primary action in liver. 

Similarly, Renold ef al. (22) assumed that the primary effects of insulin 

occur in peripheral tissues only, and the apparent effects on liver are due to 

“metabolic adaptation.” The present studies are in agreement with these 

conclusions in demonstrating that the glucose which leaves the blood under 

insulin hypoglycemia is not converted appreciably to liver glycogen. 

Apparently the mechanisms of glucose entry or activation in the liver cells 

differ from those in the muscle cell; the nature of these differences escapes 

usat present. These findings do not, however, preclude a direct, immediate 

effect of insulin in suppressing output of glucose by the liver cells, such 
as has been observed by Dunn et al. (7) and others (8-10). 

SUMMARY 

Fasted, glucose-fed, and post-absorptive rats were given trace doses 

of uniformly C-labeled glucose, with and without the simultaneous intra- 

peritoneal administration of glucagon-free insulin. There was a consistent, 
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though transient, small rise in the incorporation of radioactivity in the 

blood bicarbonate and a very marked acceleration of incorporation of radio- 

activity into skeletal muscle glycogen coincident with the hypoglycemic 

action in the animals receiving insulin. However, no effect or suppressive 

action of insulin was observed on the incorporation of glucose carbon into 
liver glycogen. 
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ENZYMATIC OXIDATION OF PYRIDOXAMINE PHOSPHATE 

TO PYRIDOXAL PHOSPHATE IN RABBIT LIVER* 

By BURTON M. POGELL 

(From the Wilmer Ophthalmological Institute of The Johns Hopkins University 

and Hospital, Baltimore, Maryland) 

(Received for publication, January 9, 1958) 

In the course of testing the possible coenzymic function of the phosphory- 

lated vitamin By derivatives on the synthesis of glucosamine 6-phosphate 
by a rat liver preparation, the appearance of a yellow color similar to that 

of pyridoxal 5-phosphate was observed in the samples containing pyridox- 

amine 5-phosphate. Further investigation has revealed the presence of a 

soluble enzyme system in extracts of several mammalian tissues which 

catalyzes the oxidation of PAMP' to PALP according to the following 

equation :? 

Pyridoxamine 5-phosphate + 402 — pyridoxal 5-phosphate + NH; 

Detailed studies of the partially purified enzyme from rabbit liver are 

presented in this report. This enzyme has been shown to be different 

from the known amine oxidases and also to catalyze the oxidation of 

pyridoxamine to pyridoxal. The purified oxidase, after partial resolution 

from its prosthetic group, was reactivated by both flavin adenine dinucleo- 
tide and riboflavin 5’-phosphate. In addition, phosphatase activities to- 

ward PAMP and PALP were observed in the soluble portion of rabbit 

liver extracts. 

Materials and Methods 

Pyridoxamine 5-phosphate, pyridoxal 5-phosphate, and pyridoxamine 

dihydrochloride were obtained from the California Foundation for Bio- 

chemical Research, pyridoxal hydrochloride from the Nutritional Bio- 

* This investigation was supported by research grants from the National Insti- 

tute of Neurological Diseases and Blindness (No. B-141), National Institutes of 

Health, United States Public Health Service, and the National Council to Combat 

Blindness, Inc., New York. A preliminary report has been presented (1). 

' The following abbreviations are employed: PAMP, pyridoxamine 5-phosphate; 
PALP, pyridoxal 5-phosphate; PAM, pyridoxamine; PAL, pyridoxal; Tris, tris- 

(hydroxymethyl)aminomethane; ATP, adenosine triphosphate. E=# represents 
the molar extinction coefficient with a 1 cm. light path. 

* The balanced equation has been written with the free bases, since the pH opti- 
mum is around 10. Presumably, the mechanism of this reaction is by a 2 electron 
transfer, oxygen-facultative type of reaction (2), but the possible involvement of 

H,0; as an intermediate has not been determined. 
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chemicals Corporation, and flavin adenine dinucleotide of 90 per cent pu- 

rity and riboflavin 5’-phosphate from the Sigma Chemical Company. 

Oxidase Assay—The oxidase measurements were performed as follows, 

PAMP (0.5 umole per ml.), the enzyme fraction, and 0.1 m Tris buffer of 

pH 8.0 in a total volume of usually 3.0 ml. were incubated in 25 ml. stop- 

pered Erlenmeyer flasks in a constant temperature shaker at 38° and 70 

oscillations per minute. The flasks were then cooled in an ice bath, the 

contents were transferred to cold small test tubes, and these were placed 

in a boiling water bath for 2 to 3 minutes. The tubes were cooled, the 

contents were filtered, and the optical densities were read at 415 muy ina 

Beckman model DU spectrophotometer equipped with a microadapter in 

1.2 ml. cells of 1 em. light paths with water as a blank. In later experi- 

ments with 0.05 m carbonate buffer at pH 10.4, a final volume of 2.0 ml. 

was used. The reactions were stopped by the addition of 0.2 ml. of 5 x 

NaOH, and the optical densities were read at 388 mp. Only transparent 

enzyme fractions could be assayed by this procedure, and no precipitate 

was observed to form upon addition of the base in any of the preparations 

tested. Some kinetic measurements were also carried out directly in 4.0 

ml. cells of 1 em. light path at room temperature with readings taken at 

388 my. In these experiments, the blank consisted of the complete reac- 

tion mixture minus PAMP. Since PALP is easily decolorized by light, all 

the procedures were carried out in the minimal amount of light possible. 

The molar extinction coefficient of PALP changes markedly with vari- 

ations in buffer concentration and pH, and the values used for calcula- 

tions are listed in each experiment. The reported value (3), E333 “%*°" 

= 6550, was used in the experiments with carbonate buffer terminated by 

addition of NaOH, and values close to this were observed experimentally 

with commercial PALP. All other values reported were calculated with 

this value as a measure of absolute concentration. 

Specific activities are reported as micromoles of product formed per hour 

per mg. of protein. 

Protein was measured spectrophotometrically (4). In some samples, 

a small amount of turbidity still remained after the final dilution. These 

samples were first centrifuged to remove this material, and only the soluble 

material was measured. Inorganic phosphate was determined by the 

method of Gomori (5). 

Results 

The first evidence that this reaction involved a conversion of PAMP to 

PALP was based upon measurement of the absorption spectrum of the 

product. A 1.7 to 2.3 mM ammonium sulfate fraction of rat liver supernatant 

fluid (6) was incubated with PAMP in Tris buffer at pH 8.0 at room tem- 

pera 

for ¢ 

sults 

mix! 

of P 

was 

deta 

and 

rea 

ml. 

live 

det 

spe 

All 

dic 

iso 

ble 

ho 

cip 

dr 



pu- 

ows. 

or of 

‘top- 

d 70 

the 

aced 

. the 

ina 

pr in 

peri- 

) ml. 

dN 

rent 

itate 

Lions 

1 4.0 

n at 

reac- 

t, all 

le. 

vari- 

sula- 
NaOH 

d by 

tally 

with 

hour 

ples, 

‘hese 

luble 

the 

P to 

' the 

tant 

tem- 

B. M. POGELL 763 

perature for 195 minutes. The solutions were then placed in boiling water 

for 3 minutes and filtered, and the absorption spectra were read. The re- 

sults (Fig. 1) indicated the appearance of a peak in the complete reaction 

mixture at 415 my which was identical with that obtained with a sample 
of PALP under the same conditions. The shift of maximum from 388 mu 

was the result of the formation of a Schiff base with Tris, as reported in 

detail by Matsuo (7). Greater enzyme activities were found in rabbit 

0.50 

0.40 

0.30 

0.20 

OPTICAL DENSITY 

0.10 

350 400 450 

WAVE LENGTH IN my 
Fig. 1. Absorption spectrum of product formed from pyridoxamine 5-phosphate 

and rat liver enzyme in Tris buffer at pH 8.0. @, difference spectrum of complete 
reaction mixture minus enzyme control; O, pyridoxamine 5-phosphate (1 umole per 

ml.); A, pyridoxal 5-phosphate (0.087 umole per ml.). The blank was distilled water. 

liver than in rat, beef, or calf liver extracts, and it was decided to carry out 

detailed studies with material from this source. 

Partial Purification—A partial purification was accomplished by high 

speed centrifugation, acid precipitation, alcohol fractionation, and dialysis. 

All purification procedures were performed at 0—4° unless otherwise in- 

dicated. Exsanguinated rabbit livers were placed immediately into cold 

isotonic KCl. After draining, the liver was homogenized in a Waring 

blendor for 2 minutes in 2 ml. of cold isotonic KCl per gm. of tissue. The 

homogenate was centrifuged for 100 minutes at 18,000 X g, and the pre- 

cipitate was discarded. The supernatant fluid was adjusted to pH 5.0 by 

dropwise addition of 1.0 N acetic acid, and the precipitate was removed by 
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centrifugation after at least 15 minutes of stirring. 0.3 of a volume of 95 
per cent ethanol (cooled to —23°) was added dropwise with constant | 
stirring to this supernatant fluid at 0° placed in a deep freeze at —23°, 

The precipitate was collected by centrifugation at —2° to —3°, suspended 

in water, and dialyzed overnight against distilled water. The dialyzed 

material was centrifuged at 18,000 X g, and the insoluble matter discarded. 

In one such purification, begun with 240 ml. of 18,000 X g supernatant 

fluid, a final preparation was obtained with a specific activity of 0.063 in 

carbonate buffer and an over-all recovery of 52 per cent. 

— 

© Ww °o T 

0.20F 

A OPTICAL DENSITY AT 415 mp 

° ° 

re) L i 1 1 i 

4 30 40 50 #60 

TEMPERATURE IN DEGREES 

CENTIGRADE 

Fig. 2. Heat stability of pyridoxamine-5-phosphate oxidase. 3 ml. samples of 

the supernatant fluid at pH 5 were incubated for 5 minutes at the indicated temper- , 

atures and cooled in an ice bath. Aliquots were assayed for oxidase activity in Tris | 
buffer (pH 8.0) for 60 minutes. 

Properties of Enzyme—Specific activities of 0.0040 and 0.0045 were found 

for two initial 18,000 X g supernatant fluids when they were assayed in 

Tris buffer at pH 8.0 (E}i;°7"* = 6480). The partially purified enzyme 
was stable when stored either frozen or lyophilized at —20°. 

The inactivation of this enzyme as a function of temperature is shown in 

Fig. 2. Heating to 60° for 5 minutes or placing in boiling water for 3 

minutes completely destroyed the activity. Linearity of product forma- 

tion with time was observed at room temperature in phosphate buffer of 

pH 7.4, in Tris buffer of pH 7.9, and in carbonate buffer of pH 10.4, but 
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not at 38° and pH 10.4 (Fig. 3). Presumably there is more inactivation 

under these latter conditions. The effect of varying enzyme concentration 

on PAMP oxidation is shown in Table I. At both 38° and room tempera- 

fe) 40 80 120 

4i5mu, ; 
TRIS, pH 7.9,30° 

> 

F 0.06F 10.60 
7) 
z 388 my, 
w CARBONATE, 
J 0.04 pH 10.4, 38° 40.40 

<a 
© 

in an 
© 002 _ 40.20 
a . 388 my, 

PHOSPHATE, 
pH 7.4, 28° 

i i ie) 

) 10 20 30 
TIME IN MINUTES 

Fie. 3. Oxidase activity of purified enzyme as a function of time. The reactions 

at 28° and 30° were carried out in cuvettes without shaking (plotted against left-hand 

and lower scales). The reaction at 38° in 25 ml. Erlenmeyer flasks was carried out 
with shaking at 70 oscillations per minute (plotted against right-hand and upper 

scales). Enzyme protein concentrations tested: 28°, 0.89 mg. per ml.; 30° and 38°, 
2.7 mg. per ml. 

TaBLeE I 

Effect of Enzyme Concentration on Rate of Pyridoxamine 5-Phosphate Oxidation 

The purified enzyme and substrate were incubated for 30 minutes at 38° in car- 
bonate buffer (pH 10.4), and the product was determined as described under ‘‘Ma- 

terials and methods.”’ 

Enzyme Pyridoxal 5-phosphate formed 

mg. protein pmole 

0 0 
2.66 0.064 
5.32 0.113 

7.98 0.140 

10.64 0.164 

ture, there was a decrease in specific activity as the protein concentration 

was increased. The pH optimum of this reaction is unusual. In Tris- 

maleate, Tris, and borate buffers, the activity rises as the pH is raised from 
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6 to 8, and a plateau is reached. A further increase in pH causes a rise in 

activity, however, and there is a maximum at pH 10.1 to 10.4 (Fig. 4), 

Identical results were observed with both a 1 and a 2 hour incubation 

period. The effect of substrate concentration on the rate of the reaction is 

shown in Fig. 5. Saturation was reached at 0.2 umole per ml. of PAMP 

both at pH 10.4 in carbonate buffer and 9.4 in borate buffer. Only 10 per 

cent inhibition occurred at 2.0 ymoles per ml. at pH 10.4. 
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Fig. 4. pH optimum of pyridoxamine-5-phosphate oxidase. PAMP (0.47 umole) 

and purified enzyme (5.3 mg.) were incubated in a volume of 2.2 ml. in borate-car- 

bonate buffer (0.05 m) at the final pH values indicated for 1 hour at 38°. The reac- 

tions were terminated by the addition of 0.2 ml. of 5 n NaOH. 

Establishment of Reaction As Oxidation—Since no substrate in solution 

other than PAMP was required for the reaction to proceed and there was 

a very high recovery (>90 per cent) of enzyme activity in the purifica- 

tion procedure, it seemed likely that the enzyme was utilizing oxygen to 

deaminate the substrate. Direct measurements of oxygen consumption 

were not possible by conventional manometric procedures because of the 

low activity of the enzyme, but the evidence in Table II establishes the 

requirement of oxygen for this reaction to proceed. The reaction was car- 

ried out both anaerobically and aerobically in Thunberg tubes, and the 

amount of product formation was measured spectrophotometrically. It 
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may be seen that the extent of PALP formation was markedly lowered 

anaerobically, in one experiment to 2 per cent of that found aerobically. 
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HMMOLES OF PYRIDOXAMINE 

PHOSPHATE PER ML. 

Fic. 5. Effect of pyridoxamine 5-phosphate concentration on oxidase activity. 1 

hour incubation in carbonate buffer (pH 10.4) at 38° in 2.0 ml. volume. 0.2 ml. of 
5 N NaOH was added to terminate reactions. 

TaBLeE II 

Demonstration of Oxygen Requirement for Pyridoxamine-5-phosphate Oxidase 

In Experiment 1, the complete cold reaction mixture (3.0 ml.) of pyridoxamine 

5-phosphate (1.5 ymoles), purified enzyme, and Tris buffer (pH 7.9) in the main arm 

of Thunberg tubes was evacuated under 30 mm. of Hg for 3 minutes, with gentle 
tapping at room temperature. Air was readmitted to one set. The conditions in 

Experiment 2 were identical, except that the substrate (1.2 umoles) was placed in the 

side arm and added to the reaction mixture after evacuation. All tubes were then 
incubated at 38° with occasional shaking and analyzed as described under ‘‘Mate- 
rials and methods.”’ 

A optical density at 415 mp 

Experiment No. | Time of incubation eee VRS ae Ratio, suscrobic 

| Anaerobic Aerobic 

a ; oi. ” _ oo 

1 82 0.040 0.316 0.13 

82 0.055 0.327 0.17 

2 295 0.021 | 1.132 0.02 
295 0.326 | 1.111 0.29 

Residual oxygen probably accounts for the small amounts of activity ob- 

served anaerobically. Further tests of adding a-ketoglutarate and oxal- 

acetate to PAMP and the enzyme at pH 10.4 revealed 29 and 31 per cent 
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inhibition, respectively, at 3.3 wmoles per ml. and a slight or no inhibition 

at 0.33 umole per ml., but there was no activation in any case. 

The measurements of the ammonia formed during this reaction and the 

stoichiometry of the oxidation are shown in Table III. For each molecule 

of PAMP utilized, 1 molecule each of PALP and ammonia was formed. 

TaBLeE III 

Stoichiometry of Pyridoxamine 5-Phosphate Oxidation 

Experiment 1 was run in carbonate buffer (pH 10.4) at 38°, and the reaction was 

terminated by addition of NaOH. The disappearance of pyridoxamine 5-phosphate 
was followed by measurement of the decrease in optical density at 310 mu. Under 

the above experimental conditions, the following extinction coefficients were found: 

Exo = 8800 for PAMP and 954 for PALP. Thus (optical density (310 myz))/(8.80 - 

0.95) = micromoles per ml. of substrate utilized. The values of PAMP obtained in 

this manner were identical to those in which the PALP corrections at 310 my were 

calculated by the 388 my readings. Experiment 2 was carried out in phosphate 
buffer of pH 7.0. Samples were placed in boiling water for 2 minutes, cooled, and 
filtered, and the optical densities of the filtrates were read at 388 mu. Pyridoxal 

5-phosphate formation was calculated, assuming E}3$7-° = 4900 (3). Ammonia 

was measured in boiled aliquots without filtration by a modified Conway diffusion 

procedure (8). (These determinations were kindly performed by Mrs. Sheila Shear 

and Dr. Samuel P. Bessman of the Department of Pediatrics, University of Mary- 
land Medical School, Baltimore.) 

Pyridoxamine | Pyridoxal 
| 

Experiment No. | Time of incubation | 5-phosphate 5-phosphate NH: 

Lied gem per mt. =| mote por mt. | umole per mi. 
1 | 15 —0.033 +0.032 

| 30 | —0.052 | +0.050 
2 | 40 | | +0.026 | +0.033 

| 80 | 40.047 | +0.048 
| 150 | +0.054 | +0.073 

The low PALP value in the 150 minute incubation of Experiment 2 prob- 

ably was caused by the presence in the purified enzyme of a phosphatase 

which catalyzes the slow disappearance of PALP as measured by 388 mu 

absorption (Table VII). 

Identity of Product—The identity of the product was further established 

as PALP by measurement of the activation of tyrosine apodecarboxylase 

from Streptococcus faecalis cells grown on a vitamin Be-deficient medium 

(9). PALP is required as a specific coenzyme for this reaction. The re- 

sults of measurements by this procedure (Table IV) showed close agreement 

with those found spectrophotometrically. That the PALP formed was 

not tightly bound to protein, as for example in transaminases, was tested 

by the following experiment. A series of Warburg flasks containing vi- 

tamin Be-deficient S. faecalis cells and tyrosine was incubated at 28° and 
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pH 5.5, and the liberation of CO; was measured manometrically. The 

combined effect of PAMP and liver oxidase on the rate of the decarboxyl- 

ation was tested, and the results obtained are shown in Fig. 6. There 

was a slow rate of tyrosine decarboxylation by the bacterial cells alone, 

but addition of 0.08 umole of PAMP at 35 minutes did not increase this 

rate. Further addition of the oxidase at 65 minutes, however, caused an 

increasing rate of CO, liberation as more PALP was formed. Over a longer 

period of time, there was also an increased rate of decarboxylation in the 

control flasks containing PAMP but no liver oxidase. This increase was 

TaBLe IV 

Identification of Product of Reaction As Pyridozal 5-Phosphate Spectrophotometrically 
and by Activation of Tyrosine Apodecarboxylase 

Pyridoxamine 5-phosphate (0.5 umole per ml.) and the purified enzyme were in- 
cubated at 38° in 0.05 m borate buffer (pH 9.4). At timed intervals, 1 ml. aliquots 

were removed, 2 ml. of 0.5 mM phosphate buffer (pH 7.0) were added, and the tubes 
were placed in boiling water for 2 minutes, cooled, and filtered. The optical densi- 

ties were read at 388 my, and the results in Column A were calculated by use of 

Epi-° = 0.77 X 4900. The borate buffer caused a lowering of the absorption 
under these conditions to 0.77 of that observed in phosphate buffer. These samples 
were further tested for activation of tyrosine apodecarboxylase (9), and these results 
are listed in Column B. 

Pyridoxal 5-phosphate formed 

Time of incubation _ —, 

A B 

‘ale, male per sl. | gmcleperat. 
0 | 0.000 0.001 

40 | 0.026 0.032 
80 0.037 0.045 
120 | 0.044 0.054 

probably caused by the presence of a similar oxidase in S. faecalis, and such 

activity was later demonstrated with whole cells (see Table VI). The 

occurrence of an increased rate of decarboxylation in the flasks containing 

bacterial cells and liver oxidase but no PAMP also indicated that these 

preparations alone still could form small amounts of PALP. This exper- 

iment also illustrates a possible physiological role of the PAMP oxidase as 

a means of activating enzymes which specifically require PALP. 

Inhibitors—Azide ion at 0.0034 m did not inhibit the oxidase when it 
was tested in Tris buffer at pH 7.9. It was not possible to test for in- 
hibition by cyanide ion, since there was a chemical reaction between pyri- 

doxal phosphate and cyanide when they were tested in Tris buffer, which 

resulted in complete disappearance of the characteristic yellow color of the 

former; presumably this was through cyanohydrin formation (10). 
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The remaining compounds were tested for inhibition at pH 10.4 with the 

partially purified enzyme. Pyridoxamine at 0.005 m showed 34 per cent 

inhibition but also was deaminated by the enzyme preparation. NH,C| 

inhibited the reaction 15 per cent at 0.0025 m and 34 per cent at 0.01 m. 

p-Chloromercuribenzoate inhibited the oxidase 27 per cent at 0.0001 x 

300F 

250Fr 

200F 

PYRIDOXAMINE 
Isok PHOSPHATE 

100F 

SOF 

H LITERS OF CARBON DIOXIDE LIBERATED 
10) 20 40 60 80 100 120 

TIME IN MINUTES 

Fig. 6. Activation of tyrosine apodecarboxylase of S. faecalis cells (vitamin 

B.-deficient) by action of liver oxidase on pyridoxamine 5-phosphate. Warburg 

flasks containing 0.5 ml. of 0.03 m tyrosine and 6 mg. of S. faecalis cells in 1.7 ml. of 
acetate buffer (pH 5.5) were equilibrated for 20 minutes at 28° before readings were 

started. After 35 minutes, 0.4 ml. of pyridoxamine 5-phosphate (0.08 umole) was 

added from the right side arm, and, after 65 minutes, 0.4 ml. of the purified liver 
oxidase (6.0 mg.) was added from the left side arm. In the controls, water replaced 

these materials in the side arms. O, S. faecalis cells alone; @, cells plus pyridoxa- 

mine 5-phosphate; M, cells plus liver enzyme; A, cells plus pyridoxamine 5-phosphate 

and liver enzyme. 

and 83 per cent at 0.001 m, probably by reacting with sulfhydryl! groups. 

In a kinetic experiment at room temperature, there was a lag period of 5 

minutes before measurable inhibition at 0.0007 m. There was no inhi- 

bition by pyridoxine or pyridoxal at 0.0002 m, and 26 per cent inhibition 

by pyridoxine at 0.0033 m. Similar inhibitions were found with oxalacetate 

and a-ketoglutarate at the latter concentration. MgSO, had no effect on 
the oxidase in the concentration range of 0.0005 to 0.05 m. 

Nature of Prosthetic Group of Oxidase—The following modification of 
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the procedure of Warburg and Christian (11) was used to resolve the en- 

zyme from its prosthetic group. Saturated ammonium sulfate was ad- 

justed by the addition of concentrated HCl so that a 1:20 dilution read 

pH 3.3. All solutions were at 4°, and the pH meter was set for readings 

at 10°. 4.0 ml. of the acidic ammonium sulfate were added dropwise with 

constant stirring to 4.0 ml. of the purified enzyme (30 mg. per ml.). The 

precipitate was immediately collected by centrifugation, washed twice 

with a mixture of 4 ml. of 0.5 saturated and 1 ml. of saturated ammonium 

sulfate, resuspended in 3 ml. of distilled water, and dialyzed for 1 hour at 

4°. Oxidase activity was then tested alone and with the addition of 

flavin adenine dinucleotide and riboflavin 5’-phosphate. The results (Ta- 

ble V) indicate partial resolution of the enzyme and reactivation by both 

TABLE V 

Reactivation of Acid Ammonium Sulfate-Precipitated Oxidase by Flavin Compounds 

2 ml. volumes were incubated for 94 minutes at 38° in carbonate buffer (pH 10.4). 

Reactions were terminated by addition of NaOH. Flavin concentrations were 

determined by their absorption at 450 my by use of reported extinction coefficients 

Addition | Sones Salma 

pmole per ml. 

| EERE ORT REET eT rT Pee | 0.025 

Plus flavin adenine dinucleotide (0.77 K 10-5 M)........... | 0.056 

“A ” me ™ (1. X 19° “)... 0.063 
* riboflavin 5’-phosphate iB 8 > ches ee re, 0.054 
“ éc 66 Rf © aie Sere cel 0.053 

of these flavin compounds. Controls showed no change or slight decreases 

in absorption at 388 my upon treating (a) PAMP and the flavins, (6) en- 

zyme and the flavins, or (c) PALP, NH,Cl, and the flavins under identical 

incubation conditions. 

Specificity of Oxidase—The question remained as to whether this was a 

specific oxidase or merely a non-specific conversion by one of the general 

amine oxidases. No measurable monoamine oxidase activity with the 

purified liver enzyme was found at pH 7.4 with the spectrophotometric 

procedure of Tabor, Tabor, and Rosenthal (13) for detecting benzylamine 

oxidation. Furthermore, the monoamine oxidase activity of liver is in 

the particulate fraction (14), whereas the PAMP oxidase is in the super- 

natant fluid. Zeller ef al. (15) have previously reported that purified 

preparations of diamine oxidase did not oxidize PAMP or PAM, and there 

was no measurable PALP formation with a preparation of this enzyme 

(kindly provided by Dr. Zeller) at pH 7.0 or 7.4 in phosphate buffer under 
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conditions by which cadaverine was oxidized. There was also no meas- 

urable histamine oxidation in phosphate buffer at pH 7.4 by the purified 

PAMP oxidase, as measured by the colorimetric procedure of Rosenthal 

and Tabor (16). Differences in pH optima and substrate concentrations 

that give maximal activity serve further to distinguish this enzyme from 

diamine oxidase. Dr. Jerard Hurwitz (personal communication) also found 

no oxidation of PAMP by a partially purified p-amino acid oxidase. 

Oxidation of Pyridoxamine—The purified enzyme also catalyzed the oxi- 

dation of pyridoxamine to pyridoxal. The concentration of PAM needed 

for maximal activity was much higher (about 7.5 wmoles per ml.), but the 

rates of oxidation were of the same order of magnitude. Incubation of 

PAM (7.5 uwmoles per ml.) with the oxidase at pH 10.4 and 38° gave 0.024 

and 0.042 umole per ml. of PAL in 15 and 30 minutes, respectively, under 

conditions by which 0.035 and 0.055 ywmole per ml. of PALP was formed 

from PAMP present at 0.5 umole per ml. The absorption of PAL at 

388 my is not stable at pH 10.4, and these calculations were made on the 

assumption that E%3s'°* = 2030. This was the minimal value found 

with two different solutions of pyridoxal hydrochloride under identical 

conditions. The product of PAM oxidation was further established as 

pyridoxal by measurement of tyrosine apodecarboxylase activation after 

preincubation of the S. faecalis cells with adenosine triphosphate (9). 

Occurrence of Oxidase in Mammalian Tissues and Microorganisms—The 

relative activities of PAMP oxidase from several different sources are sum- 

marized in Table VI. The largest concentrations were found in liver, and 

smaller amounts were present in kidney and brain. Negligible activity was 

observed in rabbit muscle, lung, and heart, and in pig heart. When whole 

cells of bakers’ yeast and S. faecalis (vitamin Be-deficient) were tested 

directly, small amounts of oxidase activity were found. 

Demonstration of PAMP and PALP Phosphatase Activity—In experi- 

ments to test the reversibility of the PAMP oxidase reaction, starting with 

PALP and the purified enzyme, a slow disappearance of 388 my absorbance 

was noted in the absence of added NH,+. It was also observed that, when 

the oxidation of small amounts of PAMP was followed by measurement of 

388 my absorption, the rate of color formation slowed down and a slow dis- 

appearance of 388 my absorption took place. These results could have 

been caused by PALP phosphatase action, since the molar extinction co- 

efficient at this wave length for PAL is much lower than that for PALP. 

Direct measurement showed the presence of a soluble phosphatase activity 

toward PAMP and PALP in the high speed supernatant fluid and the 

purified oxidase fraction at pH 10.4 (Table VII). The specific activity 

toward PALP was 0.025 with the purified oxidase of specific activity of 

0.063. Since the phosphatase activity on PAMP in the 18,000 X g su- 
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pernatant fluid was much higher than the oxidase activity (3.45 umoles 

per hour per ml. of enzyme as compared to 0.67), phosphatase activity 

probably occurs for both compounds. 

The rate of PALP disappearance at pH 10.4 in the presence of thoroughly 

TaBLe VI 

Pyridoxamine-5-phosphate Oxidase Activity of Mammalian 

Tissues and Microorganisms 

The results are expressed as micromoles of product formed per hour per gm. of 
wet weight of tissue. Supernatant fluids of isotonic KC] homogenates were analyzed 

after 90 minutes of yee ag ee at 18,000 X g. Group 1: Tris buffer, pH 8.0, 
Eph s Tris = 6480 for PAL P; Groups | 2 and 3, carbonate buffer, pH 10.4. 

| 
~ | Tissue Activity | — Tissue | Activity 

1 | Rabbit liver 0.62-1.10 3 | Rabbit liver 2.00 
sig kidney 0.22 | Rat ” 1.13 

| Rat liver 0.38 “ kidney | 0.33 
| Beef “ 0.12 “brain 0.11 
| Calf 0.12 |} “ lung | 0.05 

2 | Bakers’ yeast* | 0.26 | “ heart | 0.00 
S. faecalis* VR sj ** muscle 0.00 

| Pig heartt | 0.00 
| Human serum (perml.) | <0.01 

* Whole cells of dried be akers’ yeast and lyophilized S. faecalis cells (vitamin Be 
deficient) were analyzed. The results are expressed as micromoles of product 

formed per hour per gm. of dry weight. 

+t Homogenized in 0.125 per cent KHCO;. 

TaB.eE VII 

Phosphatase Activity of Rabbit Liver Fractions on Pyridoxamine 

§-Phosphate and Pyridoxal §-Phosphate 

Substrate, enzyme, and 0.4 ml. of 0.05 m NaHCO; (pH 10.4) in a final volume of 
1.0 ml. were incubated for 2 hours at 38° in stoppered 15 ml. centrifuge tubes. Re- 

actions terminated by addition of 0.5 ml. of 20 per cent trichloroacetic acid 

| Substrate 
Fraction = Inorganic phosphate 

PAMP p | PALP PALP 

oe 4 Fem umoles per ml. 

18,000 X g supernatant fluid (0.2 ml.)......... 1.5 | 1.38 

0.94 
gl alcohol ppt. (0.3 ml., 7.0 mg. pro- | , 

tein).. Oe nee raha isco hae eee area | = 0.43 

0.35 
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dialyzed, purified oxidase, as measured by disappearance of 388 my ab- 

sorption, was found to increase with increasing concentrations of NH,Cl. 

In one experiment at 38° with 0.00025 m PALP, the loss of optical density 
in 41 minutes without added NH,+ was 0.062, and this was increased to 

0.078 with 0.005 m NH,* and to 0.099 with 0.010 mM NH,*. The difference 

in absorption between the samples with and without NH,* approached a 

constant value after 5 minutes in another experiment at room temperature. 

This could represent partial reversal to an imide type of intermediate. 

DISCUSSION 

The known enzymatic transformations of vitamin Bs are summarized in 

the accompanying diagram (17). The interconversion of free PAMP and 

ATP, kinase 

Pyridoxamine < Pyridoxamine 5-phosphate 

Phosphatase | | 

Oxidase ene | Transaminase 
' ? 

¥ ATP, kinase ¢ (1) 

Pyridoxine — Pyridoxal P ~ Pyridoxal 5-phosphate 
Phosphatase 

Aldehyde 

oxidase 

Pyridoxic acid 

DIAGRAM 1 

PALP by transaminase has not yet been demonstrated; however, Jenkins 

and Sizer (18) recently reported evidence for the formation of enzyme-bound 

PAMP from glutamate and a highly purified transaminase containing bound 

PALP. Beechey and Happold (19) also have reported an interconversion 

of PAMP and PALP by a transamination type reaction, but have not iden- 

tified the acceptor component of the system. Attempts in this laboratory 

to show amino acid oxidation by coupling transaminase and PAMP oxidase 

activities in the presence of appropriate amino acids and PALP were un- 

successful, probably because the protein-bound PAMP is not available for 

oxidation. 

Although pyridoxine, pyridoxamine, and pyridoxal independently can 

serve as satisfactory dietary sources of this vitamin both for mammals and 

for many microorganisms (20), each presumably must be converted to 

PALP, the active coenzymic form of vitamin B, for amino acid trans- 

amination, decarboxylation, deamination, racemization, and many other 

reactions (21). Recently, phosphorylase also has been shown to require 

PALP as a prosthetic group (22). With the exception of transamination, 
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in which under certain conditions PAMP also is active (23), all of these 

reactions specifically require PALP. The present oxidase, together with 

the pyridoxamine kinase described by Hurwitz (24), represents a new path- 

way for the conversion of PAM to PALP. This transformation also is 

possible via PAM oxidation and PAL kinase. 

PAMP oxidase may play an important role in the control of metabolism, 

particularly that of amino acids. One example of this was illustrated in 

the activation of the tyrosine apodecarboxylase in S. faecalis cells by the 

addition of PAMP and the oxidase. This oxidase reaction also may be 

adaptable as a procedure for the quantitative measurement of PAMP and 

PAM levels in natural products. 

SUMMARY 

1. A soluble enzyme system has been partially purified from rabbit liver 

extracts which catalyzes the following reactions: 

Pyridoxamine 5-phosphate + 402 — pyridoxal 5-phosphate + NH; 

Pyridoxamine + 302 — pyridoxal + NH; 

2. Studies on the properties and specificity of this system are presented. 

The resolved enzyme was reactivated by both flavin adenine dinucleotide 

and riboflavin 5’-phosphate. Evidence is given to show the dissimilarity 

of this oxidase from the known amine oxidases. 

3. Phosphatase activities toward both pyridoxamine 5-phosphate and 

pyridoxal 5-phosphate occurred in soluble extracts of rabbit liver. 
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THE ALKALINE PHOSPHATASE CONTENT OF HUMAN MILK 

By ROBERT A. STEWART, ELLY PLATOU, ano VINCENT J. KELLY 

(From the Research Laboratories, Gerber Products Company, 

Oakland, California) 

(Received for publication, January 29, 1958) 

The possibility that enzyme systems normally present in breast milk 

may account for the superiority of this food over pasteurized formulas 

in promoting the health and nutrition of the newborn infant has been 
the subject of speculation and study. Of the many enzymes present in 

milk, some attention has been directed to lysozyme (1, 2), lipase (3, 4), 

and phosphatase (5-7) as substances which may influence the health 

and nutrition of the newborn infant. 

Clinical observations! on the feeding of cows milk formulas supple- 

mented with phosphatase indicate that this substance may overcome 

feeding difficulties of some infants and have led to the present study of 

the occurrence of alkaline phosphatase in normal breast milk. 

The presence and classification of phosphatase erizymes (7) as well as 

their relationship to the occurrence of phosphorus in various forms (5) 

have been established for human milk. This work was done on a limited 

scale and included only the values on milk of the 1st month of lactation. 

The present study, in which 199 samples from twenty donors were 

analyzed, will show that alkaline phosphatase occurs in variable amounts 

in human milk. Although there appears to be a tendency for phos- 

phatase concentration to be related to the fat content of the milk, there 

is no apparent correlation with nitrogen content or total solids other than 

fat. There also seems to be no relationship to age, nationality, or other 

characteristics of the donor, except that for most of the seven donors from 

whom samples were taken over a period of 3 or more months a tendency 

for the phosphatase content of the milk to increase with duration of the 
lactating period was observed. 

EXPERIMENTAL 

Selection of Breast Milk Samples—Fresh, unpasteurized human milk 

samples were obtained by special arrangement with the San Francisco 

Mothers’ Milk Bank. Because milk bank donors are limited to mothers 

who are successfully nursing their infants, this study can be considered 

as limited to nutritionally normal human milk. 

‘Dr. L. Breslow, Chicago, Illinois, personal communication. 
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In all instances, early morning samples were used, some expressed be- 

fore and some expressed after nursing the infant. Immediately after 

expression, the samples were placed in an ice bath until chilled, and then 

transferred to the refrigerator, where they were held for 1 to 2 hours be- 

fore collection by the milk bank drivers. At the milk bank a 30 ml. 

sample was transferred to a screw cap culture tube and held under re- 

frigeration until taken to the analytical laboratory. All samples were 
analyzed within 4 to 6 hours after expression. 

During the course of the study it was determined that under these 

conditions there was no significant loss in phosphatase activity from the 

time of expression until the samples were analyzed. 

Measurement of Alkaline Phosphatase Activity—Several methods are 

available for the quantitative estimation of alkaline and acid phosphatase 

in biological materials (8-21). In all techniques a phosphoric acid ester 

serves as the substrate, and colorimetric determinations are made on 

either the inorganic phosphate or the organic moiety of the substrate 

released by enzymatic hydrolysis. Each of these methods was inves- 

tigated and a modified procedure based on the Scharer phosphatase test 

(20) was selected for the following reasons: (1), the rate of hydrolysis of 

the substrate, disodium phenyl! phosphate, is linear for a period of 1 hour; 

(2), the hydrolysis product, phenol, is readily measured by combining it 

with the Gibbs reagent (22), 2,6-dibromoquinonechlorimide, to form a 

blue-green indophenol dye; (3), this indophenol dye can be extracted 

from milk in a clear solution with n-butyl alcohol; (4), reproducible results 

are readily obtained. 

Methods in which p-nitrophenyl phosphate (12-15) was employed were 

investigated and, although the hydrolysis product, p-nitrophenol, is a 

self-indicator, the color could not be extracted into a clear solution for 

colorimetric measurement. 

The Huggins and Tallalay method (11) in which phenolphthalein is the | 

hydrolysis product did not lend itself to the estimation of phosphatase 

activity in milk because the rate of hydrolysis was not linear and the | 

color could not be clarified by extraction. The Bodansky method (8) 

was attempted but not used because it was found that phenol could be — 

measured more readily than inorganic phosphate. 

The analytical procedure finally adopted for the estimation of alkaline 

phosphatase in human milk was as follows: (1) Dilute 5 ml. of milk and 

10 ml. of 5 per cent MgSO,-7H,0 solution to 100 ml. with distilled water 

to make the test solution; (2) prepare the buffered substrate by mixing 

6 ml. of 1 M NasCO; with 4 ml. of 1 Mm NaHCO; and 10 ml. of 0.02 m di- 

sodium phenyl! phosphate and dilute to 100 ml. with distilled water; (this 

buffered substrate has a pH of 9.5 at 37.5°); (3) incubate 1.0 ml. of the 
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test solution with 5.0 ml. of buffered substrate at 37.5° for 1 hour in a 

test tube; (4) place the tube in boiling water for 5 minutes and then cool 

the contents to 37.5°; (5) add 0.5 ml. of 0.2 per cent 2 ,6-dibromoquinone- 

chlorimide in absolute methanol to the tube, mix, and allow to stand for 

15 minutes; (6) extract the blue-green color developed by adding 10 ml. 

of n-butyl alcohol to the tube, with thorough mixing and centrifuging; and 

(7) decant a clear n-butyl alcohol layer into a cuvette and measure the 

optical density at 660 mu. 

A blank was run for each sample by carrying 1.0 ml. of test solution, 

inactivated by holding in boiling water 5 minutes, through the entire 

procedure. 
The phosphatase activity was determined as the micrograms of phenol 

liberated under the conditions of the test and was calculated by using an 

internal standard in which 10 y of phenol are treated in the procedure. 

The following calculation was used: phosphatase activity per ml. of milk = 

(optical density of test solution X 200)/(optical density of 10 y of stand- 

ard). 

Several factors influenced the results of the test and precautions were 

taken to incorporate into the procedure those conditions which tended to 

give maximal phosphatase activity. 

Mg++ Activation—The use of Mg** increased the phosphatase activity 

approximately 40 per cent. Folley and Kay (16), Motzok (23), and Roche 

(24) have reported Mg** as well as other divalent cations as activators 

for phosphatase. The concentration of 0.003 m Mgt* was found to be 

optimal in the conditions of this test. 

pH Optimum—The effect of pH on the phosphatase activity of human 

milk was tested with use of various buffer systems. The Veronal-acetate 

buffer system of Michaelis (25) was found to give slightly higher values 

than the carbonate-bicarbonate buffer system of Delory and King (26) 

when tested with a variety of milk samples. Both buffer systems showed 

a pH optimum of 9.4 to 9.5 at 37.5° for alkaline phosphatase. With the 

Michaelis buffers, a pH optimum of 4.8 to 5.6 at 37.5° was found for the 

acid phosphatase of human milk. The carbonate-bicarbonate buffer was 

adopted because of the availability of suitable quality ingredients. 

Maximal Absorption—With a Coleman model 14 spectrophotometer 

being used, maximal adsorption of the n-butyl alcohol indolphenol dye 

solution was found at 660 mu. This maximal absorption point is in 

agreement with the values reported by Ettinger and Ruchhoft (22). 

Measurement of Other Constituents of Human Milk—Total solids were 

determined by evaporating 5 ml. samples in aluminum dishes to apparent 

dryness on a hot plate, followed by drying under 29 inch vacuum at 70° 

for 4 hours. 
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Fat was determined on 5 gm. samples by the Roese-Gottlieb method 

(27). 

Nitrogen was evaluated on 5 gm. samples by the Kjeldahl-Wilfarth- 

Gunning method (28). The NH; was collected in 4 per cent boric acid 

and titrated to the methyl red end point with 0.1 n HCl. 

“Solids-not-fat”’ represents the difference between per cent total solids 

and per cent fat. 

Results 

Samples of milk over varying periods of lactation were obtained from a 

total of twenty donors. One sample was obtained from six available 

donors every week and determinations of phosphatase, total solids, per 

cent fat, per cent nitrogen, and per cent solids-not-fat were made. A 

total of 199 evaluations of alkaline phosphatase was made over a period 

of 9 months. The highest value found was 540 units per ml. and the 

lowest value, 30 units per ml. The average of all these evaluations was 

147 units per ml. 

The average value of 147 determinations of total solids was 11.40 per 

cent; of 146 determinations of fat, 2.77 per cent; of 116 determinations of 

nitrogen, 0.157 per cent; and of 146 determinations of solids-not-fat, 8.65 

per cent. The age, nationality, number of children, and the average 

values obtained for phosphatase, total solids, fat, nitrogen and _ solids- 

not-fat are found in Table I. 

To determine the existence of an upward or downward trend in phos- 

phatase content with duration of lactation, Table II was constructed. 

Only those donors (seven) from whom samples were taken over a period 

of at least 3 months were considered. The tremendous variation in 

average phosphatase content from individual to individual, plus the fact 

that in this experiment the weekly samples were collected for varying 

lengths of time, beginning at different intervals post partum, prohibits 

any over-all correlation between phosphatase content and duration of 

lactation. However, from inspection of Table II, it appears that several 

of the individuals do show a tendency to secrete a higher concentration of 

phosphatase as lactation proceeds. Actual correlations of phosphatase 

content with weeks of lactation were made for the samples from each of 

the seven donors. The correlation coefficients are shown in Table I], 
four of which are statistically significant at a probability level of 0.01 or 

less. 

Inspection of the individual sets of analyses also indicated a possible 

correlation between phosphatase and fat content. The correlation co- 

efficient calculated for 145 samples which were analyzed for both phos- 

phatase and fat is 0.57, a value which, because of the large number of 
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observations, is statistically highly significant (P < 0.001) despite the wide 

range in values. 

TABLE I 

Comparative Levels of Alkaline Phosphatase and Other Constituents 
of Human Milk 

——— —— 

P 

Phosphatase |, Ret cons,| Pezcent | Pet cent | ‘solids. 
§ i ti 6 ee | 

Donor Nationality Big. io “ al © ol be 
= |Se Se 2 $s} 8s 
€ |33| » BS| Aver-|$5| » |85| Aver- 35] 9 
sissle|. r be age Le = Se) age Be FA 

a 2 eI — bo : q v Q | : oe 

‘| Zlz |<2|2| 3 |2 zl<el| Bz\|é< 
x ee ee ee ee 

A.M. [80] Scotch-Irish | 5 | 3] 50) 54) 41) 3111.54) 3/282) 310.168) 318.65 
P.M. [27 Irish | 4 | 8| 52) 75| 33) | | | 
L. H. | 3) 53) 57| 50) 3}11.47) 312.34) 30.219) 39.18 
E. E. 3 Norwegian | 2 15] 57/120) 33) 711.50) 7/3.43 7|8.23 
D.R. {22 Caucasian |1/ 3 59) 80| 48) 3|10.22| 311.47] 310.150} 38.75 
M.P. {19} Russian | 2 5 64) 81 48| 5)12.07| 5)3.31| 5|0.187| 5)8.76 
M.H. | | | | 1) 67] 67| 67| 1/10.18| 1/1.34) 1/0.188) 1)8.84 
C.M. 85) German- | 2 2 73| 74) 72) 2}10.25 211.65) 200.176) 28.60 

: | | English ; |_| | | Bs 

L.K. 30 Japanese —| 2 | 39) 74 180) 30} 30|10.75| 30|2.32) 24/0.127) 30|8.50 
J. B. Pa Polish- 11 | 2} 88| 93) al 2/10.76) 2'2.09) 2/0184) 28.62 

German ia 
J.8. _ |19| Seoteh-Irish- 1 us 70| 3{12.07 3/3.23| 310.204) 3/8.84 

| | English | ocd 
E.A. —_|26| German- 1 | 8|113|157| 71 @ 38 il 7\0.172| 8|8.77 

French | | 

Y.M. 23) French 3 | 8|115)166| 30 8|11.14| 8|2.25| 8|0.202| 8|8.87 
eS 24| Caucasian 2 | 9/145)280) 90 | 

J.P. —_‘|(33| German 2| 4/151\212] 89} 4/11.88| 4)2.70| 2/0.221| 4/9. 16 
R.A. —|26| Irish 1 | 3/152/166|134) 3/12.60| 3|3.63| 2/0.182} 318.94 
B.C. —_[28) Irish-English | 1 | 16|169|400| 42) 15}10.81 15|2.19] 15|0.154| 15|8.56 
8. V. L. {32} German- 4 | 28|240/540| 66| 20/11.65| 20/3.12| 15|0.145| 20|8.56 

English 

V.T. {26} Caucasian —_| 4 | 37|248/492| 93| 28|12.37| 27|3.74| 21/0.145| 27|8.74 
E.P. 26 “ 1 | 2)329/452|206| 2/12.80| 2/3.72 2\9.06 

| eee es 199|147 147/11 .40}146/2.77/116)0. 157|146)8..65 

* Phosphatase activity expressed as micrograms of phenol liberated per ml. of 
milk. 

No relationship was discernible between phosphatase content and 

nitrogen content or solids-not-fat content. 
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TaBLeE II 

Effect of Duration of Period of Lactation on Average Phosphatase Levels 

of Human Milk 
—_—_____ 

Average alkaline phosphatase level of individual donor 

Lactation 

Y.M. | E. A. | S.V.L. | B.C. L.K | V.T E.E. 

wks. | a 

0-5 30 (1)* | | | 
6-10 95 (4) | 85 (3) | 164 (2) 
11-15 132 (3) 121 (2) | 184 (5) | 120 (4) | 
16-20 135 (3) | 303 (5) | 127 (5) | 91 (3) | 
21-25 | | 354 (5) | 255 (5) | 69 (5) 
26-30 | 376 (4) | 161 (2) | 68 (5) 
31-35 | | | 57 (4) | 286 (1) 
36-40 | | 52 (5) | 143 (5) | 48 (8) 
41-45 | 59 (3) | 303 (5) | 55 (4) 
46-50 | | 74 (5) | 244 (5) | 84 (3) 
51-55 | 126 (1) | 250 (5) 
56-60 | | 225 (4) | 
61-65 | | | | 178 (4) 

Correlation 

coefficient... 0.90t 0.81f 0.68f 0.41 —0.01 —0.01 0.64 

* The numbers in parentheses indicate the number of observations. 
t Probability level 0.01. 
t Probability level 0.001. 

DISCUSSION 

The outstanding finding in this study is the wide variation in alkaline 

phosphatase activity of human milk, both from mother to mother and 
during the period of lactation of a given individual. 

The values obtained for alkaline phosphatase did not differ widely from | 

those reported by Chanda and Owen (5), although samples in the present 

study were mostly from women who had been lactating for 2 months or 

more. 

The values obtained for per cent of total solids, fat, nitrogen, and solids- | 

not-fat compared favorably with the reported data of other investigators 

(29-32). 

The function, if any, of phosphatase in human milk is unknown. Cran- 

ston (33) has proposed that it aids in the absorption of carbohydrate by 

the infant, but the mechanism is obscure. There may be some theoretical 

importance to the apparent tendency of phosphatase to increase with fat 

content, but a correlation coefficient, even when it is much higher than in 

the present instance, does not in itself imply any cause or effect relation- 
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ship. One could also conjecture that the phosphatase is linked in some 

manner to a minor constituent of the milk. 

There appeared to be no relationship between the phosphatase values 

and the age or nationality of the mother, or the number of children in her 

family, though the number of donors was too small to test these hypotheses 

adequately. The small number of subjects involved and the variability 

of the results also make it unwise to draw conclusions about variation of 

phosphatase content with length of lactating period, even though some of 

the data of this study suggest that a relationship may exist. 

SUMMARY 

1. A method of measuring alkaline phosphatase activity of human 

milk is described. 

2. Analyses of 199 samples of human milk gave an average alkaline 

phosphatase level of 147 units per ml. The range was from 30 to 540 units 
per ml. 

3. Some tendency for high phosphatase levels to be associated with a 

high fat content was observed. Other than this there appeared to be no 

relationship of phosphatase values to the other constituents examined. 

4. Other than a possible tendency for alkaline phosphatase concentra- 

tion to increase as lactation progressed, no relationship was found be- 

tween the level of the enzyme and such characteristics of the donor as 

age, nationality, or the number of children. 

The authors wish to thank the Mothers’ Milk Bank, Inc., and its sponsor, 

the San Francisco Branch of the American Association of University 

Women, for their help and cooperation in making this study possible, and 
Miss Shirley Brazda and Mrs. Judy Pelts for their technical assistance. 
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ASPERGILLIC ACID: AN ANTIBIOTIC SUBSTANCE 

PRODUCED BY ASPERGILLUS FLAVUS 

III. THE STRUCTURE OF HYDROXYASPERGILLIC ACID* 

By JAMES D. DUTCHER 

(From The Squibb Institute for Medical Research, New Brunswick, New Jersey) 

(Received for publication, November 4, 1957) 

The elaboration of antibiotic substances by microorganisms is generally 

accompanied by the production of other antibiotic compounds, which are 

often structurally related to the main product. Streptomyces fradiae pro- 

duces two closely related substances, neomycin B and neomycin C (1), in 

addition to an unrelated, antifungal substance, fradicin (2). Streptomyces 

aureofaciens produces both tetracycline and chlorotetracycline (3), and 

Streptomyces griseus makes streptomycin, mannosidostreptomycin, hydroxy- 

streptomycin, actidione, and candicidin (4). 

In studying the production of antibiotics by a strain of Aspergillus 
flavus, Menzel, Wintersteiner, and Rake (5) observed that on certain media 

the predominant product was aspergillic acid (6) while with other media 

and conditions of growth the product was principally a related substance 

named hydroxyaspergillic acid. From published reports it appears prob- 

able that the antibiotic products formed by other strains of A. flavus or 

related organisms may represent still other variations of the basic struc- 

ture (7-11). 

Because of the more promising biological activity of aspergillic acid the 

investigation of its chemical structure was undertaken first. Evidence was 

obtained which permitted the assignment of the structure shown in For- 

mula I to this molecule (6). In the absence of conclusive proof, the two 

side chains were provisionally assumed to be sec-butyl groups. A revision 

H C,H, 

Ny 
| 1 

5! 4 

N“\ 
HC, | O 

OH 

(1 

of this structure was indicated, however, in the light of evidence subse- 

*A preliminary report of this work was given at the Thirty-ninth meeting of the 

American Society of Biological Chemists at Atlantic City, March, 1948 (19). 
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quently furnished by the structural examination of hydroxyaspergillic acid 

as described in the present paper. A similar conclusion was reached by 

Newbold and Spring (12) who synthesized racemic 3-hydroxy-2 , 5-di-sec- 

butylpyrazine (II), the structure which had been postulated for deoxyas- 

pergillic acid, a reduction product of aspergillic acid (6). These workers 

found that the differences in properties between the synthetic product and 

that derived from aspergillic acid precluded identity. Dunn and cowork- 
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ers further compared the diketopiperazine (III) derived from aspergillic 

acid (6) with various synthetic products and found its closest resemblance 

was to DL-isoleucyl-pu-leucine anhydride (13). Subsequently it was dem- 

onstrated that on vigorous hydrolysis the diketopiperazine (III) yielded a 
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mixture of pi-leucine and pL-isoleucine (14). 
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Final proof that deoxyasper- 

gillic acid was 3-hydroxy-2-iso-butyl-5-sec-butylpyrazine (IV) was ob- 

tained by comparison of the racemized deoxyaspergillic acid with the syn- 

thetic DL compound of known structure (15). 

aspergillic acid is therefore that shown in Formula V. 

This paper, which describes the determination of the structure of hy- 

droxyaspergillic acid, provides additional evidence for the presence in these 

two antibiotics of both an iso-butyl and a sec-butyl side chain. 

The separation of hydroxyaspergillic acid from aspergillic acid was ac- 

complished by means of their differential solubility in hexane or by coun- 
tercurrent distribution between ether and 25 per cent aqueous sulfuric acid. 

TaBLeE I 

The correct structure of 

Comparison of Properties of Aspergillic Acid and Hydrozyaspergillic Acid 

Property Aspergillic acid Hydroxyaspergillic acid 

Crystal form and color 

M.p. (uncorrected), °C. 
Composition 

Mol. wt. 
Specific rotation, degrees 

pKa 
Ultraviolet spectrum 

Cupric salt 

Yellow needles from meth- 

anol 
97-99 

Ci2H2oN 202 

224 

+13.4 (c = 1.0 in ethanol) 

5.5 

Amax = 328 mu, e = 8,500 

“= 235 “ “= 10,500 
Green, rectangular plates, 

m.p. 198-199° 

Nearly colorless needles 

from hexane 
148-150 

Ci2H2N20; 

240 

+36 (c = 1.0 in ethanol) 
4.9 

Amax = 328 my, e = 8800 
“cc = 235 “ “ce = 8750 

Green, rectangular plates 
or cubes, m.p. 216° 

The properties of the purified compounds are compared in Table I. Ele- 

mental analysis showed that the hydroxyaspergillic acid contained 1 

oxygen atom more than aspergillic acid. As the name implies, hydroxy- 

aspergillic acid was presumed to be identical with aspergillic acid except 

for the presence of an additional hydroxyl function, a deduction based on 

the following observations: (1) the carbon and hydrogen numbers are the 

same, (2) the ultraviolet absorption spectra are essentially identical, and 

(3) the acidic function is a hydroxamic acid grouping in both compounds. 

The observation that hydroxyaspergillic acid did not react with bromine 

nor couple with diazonium reagents as readily as did aspergillic acid sug- 

gested that the additional oxygen atom of the former might occupy the 

nuclear position 6 in V, but this hypothesis was soon ruled out in view of 

the results obtained by the treatment of hydroxyaspergillic acid with 

hydriodic acid in acetic acid solution. 

This reaction, in the case of aspergillic acid, had been found to reduce 
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the hydroxamic acid grouping to the amide, yielding deoxyaspergillic acid 

(IV). Theproduct obtained by the similar reduction of hydroxyaspergillic 

acid was a neutral compound, Cy.H:isN20, in which not only had the hy- 

droxamic group been reduced but the elements of water had been elimi- 

nated. Such an elimination is inconsistent with a structure in which the 

hydroxyl group is located at position 6 of the ring. The hydroxyl group 

of hydroxyaspergillic acid must therefore be located on one of the butyl 

side chains. The ultraviolet absorption spectrum (Fig. 1) of the neutral 

10,000 

9,000 F 
N. 

8,000 F 
‘ 

7,000 F 

6,000 F 

5,000 

4,000 F 

Molecular Extinction Coefficient 3,000 F 

2,000 

1,000 

L r i 

220 230 240 250 260 270 280 290 300 310 320 330 340 350 
Wavelength mu 

Fig. 1. Ultraviolet absorption spectra. Dashes, hydroxyaspergillic acid; solid 

line, deoxyaspergillic acid; dash and two dots, dehydroaspergillic acid; dash and one 
dot, dehydrodeoxyaspergillic acid. 

product,C12HisN20, indicated that a new double bond, conjugated to the 

pyrazine ring, had been formed. Location of the hydroxyl group at the 

tertiary position of the sec-butyl side chain (VI in Fig. 2) would be consis- 

tent with the facile dehydration which was also observed when hydroxy- 

aspergillic acid was heated to 150° in syrupy phosphoric acid solution, a 

major portion being thereby converted to a crystalline acidic product, 

CyHisN202. This compound is still a hydroxamic acid, as shown by the 

ferric chloride color reaction and the formation of a copper salt. Since it 

contains 2 less hydrogen atoms than aspergillic acid, it is called dehydro- 

aspergillic acid. The presence of the ethylenic bond was demonstrable by 

the ready reduction of potassium permanganate solution and by the 
cleavage with ozone. The ultraviolet absorption spectrum was essentially 
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identical with that of the hydriodic acid reduction product (Fig. 1) which 

represents a dehydrodeoxyaspergillic acid. 

It was hoped that catalytic reduction of the new double bond would 

yield aspergillic acid and thereby confirm the postulated structure (VI) of 

hydroxyaspergillic acid by this conversion. However, reduction, even 

under very mild conditions, did not stop with the absorption of 1 mole of 

‘ i 
6 CH»—CH—CH CH>—CH—CH N 2 3 HoN —NHp N 2 3 

CHy i 

| 
CHy—CHp—C ' 0 Cy CyF ' 0 

OH OH OH 4H 

VI, HYDROXYASPERGILLIC ACID Vil. DEOXYHYDROXYASPERGILLIC ACID 

HI Acetic 

H3P0, ci 150° Acid 

~t- rm ti a mishiin CH; 

CHy—-CH= CH3— CH J-he-t 

DEHYDROASPERGILLIC ACID Vill. DEHYDRODEOXYASPERGILLIC ACID RAC. - DEOXYASPERGILLIC ACID 

3 r Pt : 

H CH; CH; 
H | H 

H N CHa—CH—CH; H N CH2—CH—CH3 

CHy—CHp—C - - CH3—C Nv *O 2 l ~ | 3 il 

“ OH 0 6 

} TETRAHYDROASPERGILLIC ACID Cio PRODUCT ACETALDEHYDE 

Fic. 2. Products derived from hydroxyaspergillic acid 

hydrogen, but, in contradistinction to aspergillic acid which resists cata- 

lytic reduction (6), 3 moles of hydrogen were absorbed to yield the com- 

pound tetrahydroaspergillic acid, C1isH»N2O2. In this case the heterocyclic 

ring is reduced but not the hydroxamic acid grouping. 

With direct comparison impossible by this route other approaches were 

explored. The reduction of hydroxyaspergillic acid with hydrazine was 

examined. This is an alternative method of reduction which in the case of 
aspergillic acid led to deoxyaspergillic acid (IV) (6). The hydrazine re- 
duction product of hydroxyaspergillic acid proved to be the corresponding 

deoxyhydroxyaspergillic acid (VII in Fig. 2). The behavior of this prod- 
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uct on reduction with zinc and acetic acid supplied additional proof that 

the hydroxyl group is not on the ring. If it were on position 6 in Formula 

V, reduction with zine and acetic acid should have yielded the diketopi- 

perazine (III), as was the case with 6-bromodeoxyaspergillic acid (6). The 

isolated product, however, was not the high melting diketopiperazine, but 

a low melting product with only 1 oxygen atom. 

Yet another product which served to confirm Formula VI for hydroxy- 

aspergillic acid and which, in addition, required the modification of the 

previous structure for aspergillic acid itself was that obtained by reduc- 

tion of hydroxyaspergillic acid with hydriodic acid in phosphoric acid. 

The product resulting from this reduction was not the same as that ob- 

tained from the reduction with hydriodic acid in acetic acid but was a 

neutral product which contained 2 hydrogen atoms more (Ci.H2N;0). 

Although isomeric with deoxyaspergillic acid (IV), it was not identical. 
It had nearly the same melting point, crystal form, and solubility proper- 

ties, but it was optically inactive. This reaction had apparently taken the 

course of reductive removal of the tertiary hydroxyl group with concomi- 

tant racemization of the asymmetric center. But if aspergillic acid, and 

presumably hydroxyaspergillic acid, had two sec-butyl side chains, each 

containing an asymmetric carbon atom, the loss of one of these centers 

would have resulted in an optically active product. There can therefore 

be only 1 asymmetric carbon atom in these products, and one of the side 

chains must be either an n-butyl or an iso-butyl group, not a sec-butyl 

group. Examination of all the other products derived from hydroxyasper- 

gillic acid by removal of the hydroxyl group showed them to be optically 

inactive. 

The subsequent reports by Dunn et al. and Newbold et al. (13-15), 

which led to the revision of the nature of the side chains in aspergillic acid 

and established their location on the pyrazine ring, enable the products 

derived from hydroxyaspergillic acid to be correlated (Fig. 2). 

Evidence that the hydroxyl group is located in the tertiary position of 

the sec-butyl side chain was afforded by the following observations: (1) 

Neither hydroxyaspergillic acid nor deoxyhydroxyaspergillic acid could be 

acylated under the usual conditions for esterifying a secondary alcohol. 

(2). On treatment with hypoiodite neither product yielded iodoform, which 

would have been formed from the grouping CH;CHOH—. (3) On ozo- 

nolysis, dehydrodeoxyaspergillic acid yielded acetaldehyde (characterized 

as the 2,4-dinitrophenylhydrazone) and a compound, CioHyN202, which 

was optically inactive and gave a positive iodoform reaction. These 

products would be those expected from a compound of the structure shown 

in Formula VIII (Fig. 2). 

Thus, with the structure of aspergillic acid (V) clearly established (15) 
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and the correlation established between hydroxyaspergillic acid and asper- 

gillic acid through the conversion of the former to racemic deoxyaspergillic 
acid, the evidence presented in the foregoing paragraph for placing the hy- 
droxyl group at the tertiary position of the sec-butyl side chain clearly es- 

tablishes the structure of hydroxyaspergillic acid as that shown in VI. 

In view of the observation that various cyclic hydroxamic acids have 

considerable antibacterial activity (17, 18), it is of interest to compare 

the activities of the two derived products, dehydroaspergillic acid and 

tetrahydroaspergillic acid, with those of aspergillic acid and hydroxyasper- 
gillic acid. ‘These are shown in Table II. 

TasBeE II 

Comparison of Activities of Dehydroaspergillic and Tetrahydroaspergillic Acids with 
Those of Aspergillic and Hydroxryaspergillic Acids 

Minimal inhibiting concentration, y per ml. vs. 

Strepto- Micro- 
coccus coccus Klebsiella BCG Escherichia 

pyogenes pyogenes | pneumoniae cols 
C20: var. aureus 

| eee ee 3 10 4 30 
Hydroxyaspergillic acid.......... 40 100 150 8 250 

Dehydroaspergillic ‘* .......... 4 15 60 2 25 

Tetrahydroaspergillic acid........ 45 100 200 40 400 

EXPERIMENTAL 

Hydroxyaspergillic Acid—Although purified aspergillic acid can be read- 

ily obtained from crude preparations which are mixtures of aspergillic acid 

and hydroxyaspergillic acid by repeated crystallization from hexane (6), 

it is much more difficult to obtain the hydroxyaspergillic acid free from 

aspergillic acid by such procedures. Countercurrent solvent distribution 
(of the mixed product) between ether and 25 per cent sulfuric acid is able 

to separate them satisfactorily but is laborious. Sufficient quantities of 
hydroxyaspergillic acid for structural investigation were obtained by se- 

lecting material from those fermentations in which only hydroxyaspergillic 

acid was produced (5, 16). After several recrystallizations from hexane, 

the melting point was constant at 149-150°.!| Pure hydroxyaspergillic acid 

isonly very slightly soluble in ether or hexane at 25° but is readily solubie 
inchloroform, acetone, methanol, or ethanol. It is highly insoluble in water 

but dissolves readily in 0.1 N sodium hydroxide solution. By potentio- 

1 All melting points were determined in a capillary tube in an oil bath and are un- 
corrected. 
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metric titration a neutralization equivalent of 240 was obtained (pK, = 

4.9). 

Ci2H2N20; (240.3). Calculated. Cc 59.98, H 8.39, N 11.66 

Found.? ** 60.01, “* 8.25, ** 11.74 

Copper Salt of Hydroxyaspergillic Acid—An ethanolic solution of the acid 
was treated with an ethanolic solution of cupric acetate; on addition of 

water the salt crystallized as grass-green rectangular plates or cubes, mp, 

216°. 

(Ci2HigN203)2Cu (542.14). Calculated. C 53.10, H 7.01, N 10.32, Cu 11.74 

Found. “(eee, ” 7.4, ° BB, * 11 

Unless excess of cupric acetate was present a crystalline, basic copper salt 

was obtained, m.p. 215°. 

(Ci2H1sN203)CuOH (319.6). Calculated. C 45.10, H 6.26, N 8.76, Cu 19.9 

Found. “ 45.36, “ 6.28, “ 8.96, “ 21.0 

Dehydrodeoxyaspergillic Acid—A solution of 5.0 gm. of hydroxyaspergillic 

acid in 25 ml. of glacial acetic acid was added to a solution containing 1.0 

gm. of iodine and 1.0 gm. of red phosphorus in 25 ml. of glacial acetic acid. 

The mixture was refluxed for 2 hours and then filtered through sintered 

glass into 200 ml. of a 1 per cent aqueous solution of sodium bisulfite. A 

pale yellow precipitate formed and was filtered off and washed with water. 
The yield of dried material was 2.98 gm. This was crystallized from ace- 

tone; long, colorless prismatic rods (with m.p. 158°) were obtained. 

Ci2HisN20 (206.3). Calculated. Cc 69.87, H 8.79, N 13.6 

Found. ** 69.74, ‘* 8.76, ** 13.9 

A solution in chloroform (c = 2.6) had no optical rotatory activity. 

Dehydroaspergillic Acid—The dehydration of hydroxyaspergillic acid was 

found to proceed smoothly in 85 per cent syrupy phosphoric acid. A 

solution of 1.09 gm. in 17 ml. was warmed to 150° in an oil bath. The 

course of the reaction could be followed by determining the ultraviolet 

spectrum at intervals. In this solvent hydroxyaspergillic acid showed ab- 

sorption maxima at 245 and 363 mu with E}%, = 410 and 310, respectively. 

As the dehydroaspergillic acid was formed a shoulder appeared at 360 

my and eventually a distinct maximum was obtained at 335 mu with Ei%,, 

= 445. At this point the reaction mixture was cooled, poured into 5 

volumes of cold water, and extracted with chloroform. The material in 

the chloroform layer was separated into neutral and acidic fractions by 

extraction with 5 per cent sodium carbonate solution. There were ob- 

2? All analyses were carried out by Mr. J. F. Alicino, The Squibb Institute for Medi- 

cal Research, New Brunswick, New Jersey. 
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tained 290 mg. of neutral material and 360 mg. of acidic material. The 

neutral fraction crystallized readily from ethanol as long, colorless prisms, 

m.p. 158°, and was identical with dehydrodeoxyaspergillic acid as described 

previously. The acidic substance crystallized directly on acidification of 

the sodium carbonate solution. Pale yellow prisms were obtained on 

recrystallization from aqueous ethanol, m.p. 116—117°. 

Ci2HisN 202 (222.3). Calculated. C 64.83, H 8.16, N 12.60 

Found. ** 64.88, ** 8.14, * 12.37 

The ultraviolet absorption spectrum in ethanol is shown in Fig. 1. A 

concentrated solution in ethanol showed no optical activity. A methanolic 

solution of this acid gives an intense red color with ferric chloride solution 

and forms a deep green copper salt, m.p. 224-225°. 

(CisHizN 202) 2Cu (506.11). Calculated. C 56.94, H 6.77, N 11.07, Cu 12.57 

Found. “Bae, “6, ~ DA, “ 11 

Ozonolysis of Dehydrodeoxyaspergillic Acid—A solution of 671 mg. of de- 

hydrodeoxyaspergillic acid, m.p. 158°, in 25 ml. of chloroform was ozonized 

for 30 minutes, during which time an amount of ozone in slight excess of 

1 equivalent was passed into the solution. The chloroform was removed 

in vacuo, and the oily residue was steam-distilled after the addition of 50 

ml. of water. The distillate was collected in Brady’s reagent, and the 

yellow precipitate which formed was recrystallized from ethyl acetate. 

The melting point and analysis were in agreement with those of the 2,4- 

dinitrophenylhydrazone of acetaldehyde. 

CsHsN,O, (224.18). Calculated. C 42.85, H 3.60, N 25.00 
Found. ** 43.00, ‘‘ 3.64, “ 24.81 

The non-volatile product was extracted with chloroform which on evap- 

oration yielded a crude crystalline residue weighing 568 mg. Recrystalli- 

zation from acetone gave dense, pale yellow prisms, m.p. 113-114°, after 

sintering at 109°. 

CisoHuyN202 (194.23). Calculated. C 61.84, H 7.26, N 14.43 

Found. ** 61.63, ** ‘7.21, ‘* 14.23 

This compound was optically inactive; it gave an immediate precipitate 

of iodoform on treatment with hypoiodite. 

Tetrahydroaspergillic Acid; Catalytic Hydrogenation of Dehydroaspergillic 

Acid—Reduction of dehydroaspergillic acid in either ethanol or acetic acid 

with reduced platinum oxide as catalyst led to the rapid absorption of 3 

moles of hydrogen. There was no diminution in the rate of absorption at 

1 mole of hydrogen. The acidic, syrupy reduction product could not be 

induced to crystallize; hence, it was converted to the cupric salt which 
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crystallized from aqueous dioxane as dark green prisms, m.p. 209-210°, 
Decomposition of the copper salt (6) yielded the acid which was crystal- 

lized, but with difficulty, from a small volume of aqueous ethanol, m.p 

75-80°. A crystalline picrate was obtained by treatment of an aqueous 

ethanolic solution with picric acid; after recrystallization from aqueous 

acetic acid, it melted at 195-196° with decomposition. 

CisHaN 202-CegH3N;07 (457.43). Calculated. Cc 47.26, H 5.95, N 15.31 

Found. ‘© 47.34, “* 6.04, ** 15.10 

The free acid was optically inactive and gave a deep red color with ferric 

chloride solution. 

Deoxyhydroxyaspergillic Acid—3 gm. of hydroxyaspergillic acid were dis- 

solved in 20 ml. of ethanol, and 5 ml. of 85 per cent hydrazine hydrate were 

added. The solution was placed in a sealed tube and heated at 180° for 

5 hours. The contents of the tube gave no color with ferric chloride solu- 

tion. After removal of the ethanol in vacuo, the syrupy residue was dis- 

solved in water, neutralized with hydrochloric acid, and extracted with 

ether. The ether residue crystallized readily when moistened with hexane, 

and the colorless material could be recrystallized from this solvent. The 

yield was 1.96 gm.; m.p. 104-105°, [a]p +21.2° (0.6 in ethanol). 

Ci2H2002N2 (224.3). Calculated. C 64.25, H 8.98, N 12.49 

Found. ** 64.37, ‘* 9.04, ‘‘ 12.37 

Racemic Deoxyaspergillic Acid—To a solution of 4.066 gm. of hydroxy- 

aspergillic acid in 40 ml. of syrupy 85 per cent phosphoric acid were added 

1.0 ml. of hydriodic acid (sp. gr. 1.7) and 1.0 gm. of red phosphorus. The 

mixture was heated in an oil bath at 150—-160° for 3 hours at which time 

the solution no longer gave a color with ferric chloride. The hot solution 

was filtered through sintered glass into 150 ml. of 1 per cent sodium bisul- 

fite solution, and the resulting aqueous solution was extracted with chloro- 

form. Removal of the chloroform in vacuo yielded a semicrystalline mass 

weighing 3.174 gm. Recrystallization from acetone yielded colorless nee- 

dles, m.p. 98-100°. Further recrystallization from hexane raised the melt- 

ing point to 103-104° (13). 

Ci2H2oN20 (208.30). Calculated. C 69.20, H 9.62, N 13.45 
Found. ** 69.40, “* 9.66, “ 13.45 

This product had all the properties of deoxyaspergillic acid except that 

it was optically inactive. 

SUMMARY 

The structure of hydroxyaspergillic acid, an antibiotic produced along 

with or to the exclusion of aspergillic acid (6) by Aspergillus flavus, has 
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been established. It has been shown to have the same structure as asper- 

gillic acid but with an additional hydroxyl group located at the tertiary 

position of the sec-butyl side chain. The antibacterial activity of hydroxy- 

aspergillic acid and that of some of the derived products have been com- 

pared with that of aspergillic acid. 
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THE COURSE OF HYDROXYLATION OF LYSINE TO 

FORM HYDROXYLYSINE IN COLLAGEN* 

By DONALD D. VAN SLYKE anv F. MAROTT SINEXf 

(From the Medical Department, Brookhaven National 
Laboratory, Upton, New York) 

(Received for publication, January 20, 1958) 

Previous experiments in this laboratory (1, 2) have indicated that the 

hydroxylysine in rat skin collagen is formed from lysine and not to a sig- 

nificant extent from other sources. Collagen from young growing rats 

that had received uniformly C"-labeled lysine in their food for 3 weeks was 

found to have both its lysine and hydroxylysine uniformly labeled and with 

approximately the same specific activity. Free hydroxylysine itself ap- 
peared not to be incorporated into collagen, as indicated by failure to find 

significant activity in collagen hydroxylysine after administration of trit- 

jum-labeled hydroxylysine (2). 

In the previous experiments with feeding of C'-lysine the equality in 
C* specific activity between lysine and hydroxylysine isolated from carti- 

lage indicated that, during or after incorporation of the lysine into the 

collagen, hydroxylation occurred to such an extent that the two incorpora- 

ted C'-amino acids reached a ratio, hydroxylysine to lysine, equal to the 

molecular ratio of the two amino acids in the collagen. Otherwise, dif- 

fering degrees of dilution with the preexisting lysine and hydroxylysine 
would have produced different specific C' activities in the two amino 

acids in the protein. The experiments with C'-lysine feeding for 3 weeks 

did not, however, indicate whether hydroxylation to the final ratio was 

completed during incorporation or was a time reaction progressing after 

incorporation. 

The present experiments have been done to obtain information on this 

question. Growing rats have been given each a single intraperitoneal in- 

jection of uniformly C'*-labeled lysine, and the C™ activities of the lysine 

and hydroxylysine have been determined in the skin collagen of the rats 
killed 1 hour, 4 hours, and 2 weeks after the injections. 

EXPERIMENTAL 

In each experiment four rats, of about 4 weeks age and between 55 and 

65 gm. weight, were injected with L-lysine uniformly labeled with C™ in 

* This research was supported by the Atomic Energy Commission and Eli Lilly 

and Company. It has been partially reported (Quarterly report of the Brookhaven 
National Laboratory, Washington, D. C., p. 40 (1957). 

t Present address, Boston University School of Medicine, Boston, Massachusetts. 
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the amounts indicated in Table I.!. The three groups of rats were sacri- 
ficed after 1 hour, 4 hours, and 2 weeks, respectively. 

The pelts were removed, and the hair was cut off. The pelts were cut 

TaBLe [I 

Specific C' Activities of Lysine and Hydrozylysine Incorporated in Rat Skin Collagen 
after Injection of C'4-Labeled Lysine 

Re Lysine ant into C™ myc. per mg. carbon in amino acids of skin collagen* 

em 
cu Lysine er | hydroxylysine 

y lysine 

(1) (2) (3) (4) (S) (6) (7) 

hrs. mg. ue. hn 

1 89.0 53.3 1.950 1.319 

1.939 1.321 

1.931 

DE As SiGe be sou seg ches Me enndscepeaswence 1.940 1.320 0.68 
eI cso ia ond ca eenecbiade ces +0.50 +1.39 | 

4 61.6 64.8 10.48 

9.96 

9.90 

10.16 

Rs heetactica bie. xv anata ssaua ps curds eidie Panes euilons 10.12 7.19 0.71 
io di bandied wawsainos +0.33 +0.67 

wks. ‘oe 

2 58.4 64.0 0.920 1.027 

0.940 1.008 

0.933 1.009 

Raid n a, cdeLion ai lviiluainsutades | 0.932 1.015 | 1.10 
SS Ee ae Ree | +£0.50 +0.84 

* 1 myc. corresponds to 2220 disintegrations per minute and to about 2000 c.p.m. 
in the gas counters (3) used for the C“Oz. 

into small pieces and soaked in chloroform-methanol and urea, as described 

in the previous paper (1). They were then boiled under reflux for 40 

hours with 300 ml. of water. The residue of skin was separated on a 

Buchner plate, and the solution was filtered through Whatman No. 42 

filter paper. An equal volume of 10 per cent trichloroacetic acid was add- 

1 The lysine was purchased from the Schwarz Laboratories, Inc., 230 Washington 

Street, Mount Vernon, New York. 
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ed, and the solution was allowed to stand overnight. The precipitate 
was removed by centrifugation. The supernatant solution was dialyzed 
against three changes of distilled water. The small amount of precipitate 
which appeared was removed by centrifugation, and the supernatant solu- 

tion was concentrated in vacuo to 20 to 25 ml. (In the 4 hour experiment 

trichloroacetic acid was not used; instead, the gelatin was precipitated 

with acetone, as described in a previous paper (1)). The solution was 

hydrolyzed by the addition of an equal volume of concentrated HCl and 

refluxing for 40 hours. 

The basic amino acids, lysine, hydroxylysine, arginine, and histidine, 

were precipitated as the phosphotungstates and then changed to hydro- 
chlorides, according to the procedure of Van Slyke, Hiller, and MacFadyen 

(4), as described in a previous paper (1). Lysine and hydroxylysine were 

separated by chromatography on Dowex 50, the procedure being that 

previously described, except that 0.1 M citrate buffer, pH 5 (see Hamilton 

and Anderson (5)), was employed in the present work rather than phos- 

phate. Citrate was removed from the solutions of lysine and hydroxy- 

lysine by passing the solutions through a column of Dowex 50, 20 cm. long 

and 2.5 cm. in diameter. The Dowex 50 was in the acid phase. The basic 

amino acids were held, and the sodium ions were eluted when 250 ml. of 

1 n HCl were passed through the column, according to the procedure of 

Mueller, Bowman, and Herranen (6). The lysine or hydroxylysine was 

eluted with 6 n HCl, and the HCl was removed in vacuo. 

Counting Procedure 

Because the conclusions with regard to hydroxylation rate of lysine 

depend upon percentage differences in C™ activities, precautions were 

taken to limit the combined errors of determining the amounts of lysine 

and hydroxylysine and the disintegration counts of the samples. 

The combined desalted solutions of lysine and hydroxylysine were 

brought to a volume of either 25 or 30 ml., and the concentrations of amino 

acid were determined in aliquot portions by the manometric nitrous acid 

method (7), the amounts available providing for results within a maximal 

error of +0.5 per cent for lysine and +1.0 per cent with hydroxylysine. 

Other aliquots were dried in Van Slyke-Folch (8) combustion tubes and 

used for combustion and gas counting of the C“O, by the method of Van 

Slyke, Steele, and Plazin (3). The counts per minute varied from about 

5000 for lysine in the experiment with 4 hour rats to 400 for hydroxylysine 

with the 2 week-old group, the backgrounds being 65 to 75 ¢.p.m. The 

counts of both background and samples were continued for sufficient dura- 

tions to bring the standard error of the count below +0.9 per cent, except 

in the case of hydroxylysine for the 1 hour group for which it was +1.39 
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per cent. The observed gross count,Ng X te, varied from 25,000 to 

100,000. 

The standard percentage error of the count was calculated as 

on 4/* Ne 
N, tg tp 

Per cent E = standard percentage error, Ng = gross count per minute of 

sample plus background, Ng = background count, Ns = sample count = 

Ne — Nz. te and tg = minutes used for counting gross and background 

counts, respectively. 

The formula is derived from the conventional equation (Hevesy (9), p. 

76) as follows: 

Per cent E = + 

os = Veg? + om 

where o = standard error in counts, and subscripts S, G, and B are ex- 

plained above. og and cg are replaced by their values, ~/Ng/tg and 
\/N2/tz, and per cent EF is taken as 100 (cs/Ns). 

Calculation of C* Retained in Lysine and Hydroxylysine of Skin Collagen 

From the amount of nitrogen in the skin collagen preparations (Column 

3, Table II) and the percentages of the collagen nitrogen found in lysine 

(4.7 per cent) and hydroxylysine (0.63 per cent) (average of the values in 

Columns 4 and 5, respectively, Table II) the amounts of lysine and hydrox- 

ylysine nitrogen and carbon (C = N X 72/28) were calculated. From the 
mg. of collagen lysine and hydroxylysine carbon thus found and the spe- 

cific activity, millimicrocuries per mg. of carbon (Columns 5 and 6, Table 

I), the millimicrocuries of C™ in the lysine and hydroxylysine of the collagen 

preparations and their relation to the C™ in injected lysine (Column 3, 

Table I) were calculated. The millimicrocuries in the collagen lysine and 

hydroxylysine are accordingly calculated as: 

Millimicrocuries of collagen lysine C 

= (mg. of collagen N) X 0.047 X (72/28) 

X (millimicrocuries per mg. of lysine C) 

Millimicrocuries of collagen hydroxylysine C = (mg. of collagen N) 

X 0.0063 X (72/28) X (millimicrocuries per mg. of hydroxylysine C) 

The millimicrocurie values thus calculated are divided by 10 times the 

microcuries injected (Column 3, Table I) to give the percentages of in- 

jected lysine-C™ found in the lysine and hydroxylysine of the skin collagen 

preparations (Columns 6, 7, and 8, Table II). 

Lysine and Hydroxylysine Contents of Rat Skin Collagen 

Data in the literature (10, 11) indicate that hydroxylysine nitrogen usu- 
ally constitutes somewhat about 1 per cent of the nitrogen of gelatin 
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prepared from mammalian skin collagen by methods similar to that used 

in the present paper, by avoiding treatment by alkali or enzymes. The 

lysine nitrogen found has been about 4.5 per cent of the total nitrogen. 
In our previous paper (1) the areas of the hydroxylysine and lysine 

peaks obtained in chromatographic separation of the two amino acids from 

the bases precipitated by phosphotungstic acid (Fig. 1 (1)) indicated only 

about one-ninth as much hydroxylysine as lysine. It was thought that 

solubility of hydroxylysine phosphotungstate, which is influenced by co- 

precipitation with arginine and lysine phosphotungstates, might be re- 

TaBLe II 

Lysine and Hydroxylysine Contents of Rat Skin Collagen and Percentages of Injected 
Lysine-C'* Retained in Total Skin Collagen 

Percentage of collagen yoy = injected lysine-C™ 

F Total* Collagen* in ound in collagen amino acidst 

Tiros | Pe | ats 
Lysine H ~~9 Lysine H — Total 

(1) (2) (3) (4) (S) (6) (7) (8) 

hrs. gm. mg. 

1 230 147 4.62 0.59 0.065 0.006 0.071 

4 233 214 4.80 0.66 0.404 0.038 0.442 

wks. 0.092 0.013 0.105 

2 586 521 

* Each of the three groups was 1 month old at the time of injection. Increase in 

skin collagen (Column 3) was approximately proportioned to increase in body weight 
in the 2 week group. 

t In calculating the values in Columns 6, 7, and 8 the amounts of lysine and hy- 

droxylysine were calculated on the assumption that their nitrogen constituted 4.7 
and 0.63 per cent, respectively, of the collagen nitrogen. 

sponsible for the relatively small proportion of hydroxylysine found in the 
rat collagen. (The solubility of lysine phosphotungstate is so small that 

loss from the solubility is negligible (12).) 

Therefore in the analysis of collagen from the present 4 hour rats quanti- 

tative estimates of the lysine and hydroxylysine obtained from the phos- 

photungstate precipitate were made by determining these amino acids in 

their respective peaks by Moore and Stein’s ninhydrin photometric method, 

with standards prepared not from leucine but from lysine and hydroxylysine 

for their respective fractions and by checking the results with the nitrous 

acid manometric method (7). The results indicated 0.49 per cent of the 

collagen nitrogen in hydroxylysine and 4.62 per cent in lysine, in the bases 

precipitated by phosphotungstic acid. To find whether the low hydroxy- 

lysine value was due to incomplete precipitation as phosphotungstic acid, 
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the filtrates and washings from the precipitation and recrystallization of 

the phosphotungstates were freed of phosphotungstic acid by neutralizing 

with sodium hydroxide and precipitating the phosphotungstate with bar- 

ium chloride. The solution was then desalted and chromatographed to 

determine the hydroxylysine, which was found to be 0.086 per cent of the 

collagen nitrogen. The total hydroxylysine nitrogen was therefore only 

0.58 per cent of the collagen nitrogen. 

In the analysis of the collagen from the 1 hour rats 0.2 of the hydrolysate 

was used for chromatographic determination of the hydroxylysine, as de- 

scribed by Hamilton and Anderson (5) without preliminary precipitation 

by phosphotungstic acid. This determination gave 0.66 per cent of the 

collagen nitrogen as hydroxylysine and 4.80 per cent as lysine nitrogen. 

The lysine content found agrees with that determined by other authors 

(10, 11) for the lysine from ox hide gelatin prepared and purified by methods 

somewhat similar to those used for rat skin gelatin in the present paper; 

but the young rat skin content of hydroxylysine, 0.59 to 0.66 per cent of 

the total nitrogen, is only about 60 per cent of that reported for other mam- 

malian skin collagens. In ox skin collagen Chibnall (10) reported 1.2 per 

cent. Estoe (11) reported 1.0 per cent for purified ox skin gelatin and 

commercial gelatin from pig and whale skins (Estoe’s values in gm. of 

amino acid are recalculated in terms of nitrogen). 

DISCUSSION 

Stability of Skin Collagen in Young Rat 

From the fact that, of the amount of C"-lysine plus hydroxylysine 

found in the total skin collagen 4 hours after injection, only one-fourth 

was found 2 weeks later, it appears that in rats, during the age period be- 

tween 4 and 6 weeks, the skin collagen undergoes a rather rapid turnover. 

Data from collagen obtained at other intervals after injection of C'-lysine 

are desirable for a more definite estimate of the turnover rate, but from the 

above data it appears to be more rapid in rats 1 month old than indicated 

by the results that Neuberger et al. (13, 14) obtained by feeding C'*-glycine. 

Significance of Changes in Ratio of Hydroxylysine to Lysine Specific 

C™ Activities in Collagen 

The ratio, C™ activity of hydroxylysine to C™ activity of lysine, in the 

collagen shortly after C'* administration indicates the extent to which the 

molar ratio of hydroxylysine to lysine in the preexisting collagen is ap- 

proached by the change of C'-lysine to C'-hydroxylysine in the newly 

formed collagen. The C™ specific activity of each of these amino acids in 

a hydrolysate of the collagen is determined by the extent of each one’s 
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dilution with the corresponding C'*-amino acid of the total collagen. If, 

for example, the ratio of C'-hydroxylysine to C'*-lysine in the total (chiefly 

preexisting) collagen is 1:8, and labeled collagen is added in which one- 

ninth of the incorporated C'*-lysine is hydroxylated to form hydroxylysine, 

with the resultant 1:8 molar ratio, the C“ activitiesof the lysineand hydrox- 

ylysine in the total collagen will be equal, since each of these C'*-labeled 

amino acids is diluted the same number of times with the C” species. The 

values, 0.68 and 0.71, for the ratio C' activity of hydroxylysine to C™ 

activity of lysine, found 1 and 4 hours, respectively, after injection of 

(lysine indicate that formation of hydroxylysine had gone to 68 and 71 

per cent, respectively, of the extent necessary to give the newly formed 

collagen the same molar hydroxylysine to lysine ratio as that in the pre- 

existing collagen, the term “collagen’”’ being used to indicate the protein 

or protein mixture obtained by the procedure of preparation used in the 

present work. 

In the rats killed 2 weeks after the C'*-lysine injection, the ratio, C™ 

activity of hydroxylysine to C“ activity of lysine, had risen to 1.10. This 

ratio indicates that after 2 weeks the molar ratio of hydroxylysine to lysine 

in the labeled amino acids increased from 0.70 to 1.10 times the ratio exist- 

ing in the mass of the protein analyzed as “‘collagen.’” 

Any hypotheses to explain the results in this and previous papers (1, 2) 

must accord with the following apparent facts: (1) Hydroxylysine in col- 

lagen originates entirely from hydroxylation of lysine. (2) The ratio of 

the specific C* activity of hydroxylysine to the activity of lysine in the rat 

skin collagen is about 0.70 either 1 hour or 4 hours after injection and then 

rises slowly to reach 1.10 in 2 weeks. (3) Turnover of skin collagen in the 

young rat is rapid enough to remove in 2 weeks three-fourths of the C'- 
labeled lysine and hydroxylysine present 4 hours after C'*-lysine injection 

(see Column 8 of Table II), presumably with the collagen molecules con- 

taining them. 

Of the possible hypotheses the following two are outlined: The first is 

that the increase in the ratio of specific C™ activity of hydroxylysine to 

the activity of lysine in the skin collagen from 0.68 in the 1st hour after 
injection to 1.10 2 weeks later is due to a single process, viz. hydroxylation 

of lysine, which changes from a quick procedure at the time of incorpora- 
tion to one that progresses much more slowly. The collagen is accordingly 

* After this paper was completed a significant contribution by Piez and Likins 
(15) appeared which confirms the gradual increase in the ratio of C™ activity of 

hydroxylysine to the activity of lysine in skin collagen of young rats after injection 

of C“-lysine. In collagen taken 1 hour, 6 hours, and 4 days afver the injections, 

Piez and Likins found ratios of 0.72, 0.73, and 0.96, respectively. Their experiments 

were not prolonged to the 2 week period, at which we observed the ratio 1.10. 
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a mixture of young collagen molecules, in which the hydroxylysine to | 

lysine ratio is 0.7 of the ratio in the total collagen, and older collagen mole- 

cules, in which the ratio is greater than that in the total collagen. As 

the young labeled molecules mature, hydroxylation slowly continues; thus 

after 2 weeks the hydroxylysine to lysine ratio in the labeled, now relatively 

old, collagen molecules is 1.10 times the average ratio in the collagen. A 

constant content of hydroxylysine and lysine in the total collagen is main- 

tained by the process of synthesis, maturing, and breakdown of collagen 

molecules. 

A feature of this hypothesis that appears somewhat improbable is the 

change of the hydroxylation reaction from an almost instantaneous one 

at the moment of protein synthesis to a very slow one continuing in the 
protein molecule. 

The second hypothesis is based on the assumption that the rat skin 

“collagen” analyzed consists of two proteins or groups of proteins. One 

protein isa relatively long lived true collagen which, after C'*-lysine injec- 

tion, incorporates C and at the same time hydroxylates about one-ninth 

of it; hence, the ratio of C'*-labeled hydroxylysine to C'-labeled lysine is 

the same as the ratio of C'®-hydroxylysine to C"-lysine in the mass of true 

collagen, with the result that the specific C“ activities of the two amino 

acids in the true collagen are at once equal. The other protein is a rela- 

tively short lived, metabolically more active ‘‘x-protein,” which like most 

other tissue and blood proteins (13, 14) turns over more rapidly than col- 

lagen. The z-protein incorporates lysine but does not hydroxylate it and, 

like non-collagen proteins in general, contains no hydroxylysine. As- 

sume that, of the two proteins, the z-protein, being metabolically the more 

active, after injection of C'-lysine incorporates it more rapidly than does 

the true collagen; thus the specific activity of lysine is greater in the z-pro- 

tein than in the true collagen. As a result of thus increasing the specific 

activity of the lysine in the protein mixture, the ratio of hydroxylysine to 

lysine C“ activity in the mixture falls below the value 1 that it has in the 

true collagen, hence the 0.68 and 0.71 ratios in the 1 and 4 hour experiments. 

As the shorter lived x-protein with its C'-lysine is replaced by C"-z-pro- 

tein, the specific activity of the lysine in the z-protein gradually falls to 

below the activity of the lysine in the true collagen, and the hydroxylysine- 

lysine C™ activity ratio in the collagen-x-protein mixture rises to above 1. 

If the amount of lysine in the x-protein were 10 per cent of the lysine in 

the true collagen, the complete replacement of labeled x-protein by un- 

labeled protein could cause the observed 1:1.10 hydroxylysine-lysine ac- 

tivity ratio. 

This hypothesis accords, as well as that first outlined, with all the 

known facts. It provides a more satisfactory explanation for the quick 
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achievement of the value 0.70 for the ratio, C“ activity of hydroxylysine 
to C™ activity of lysine, after injection of C'*-lysine and the slower subse- 

quent increase of the ratio to above unity. If the method used for pre- 

paring skin collagen and turning it into gelatin failed to remove completely 

other proteins, their presence could account for the observed changes of 

the activity ratio on both sides of unity. 
At present, the second hypothesis is the one that appears the more 

probable, 7.e. formation of hydroxylysine from lysine being simultaneous, or 

nearly simultaneous, with incorporation of both amino acids into collagen. 

Whether the hydroxylation occurs in the free lysine, in a peptide precursor 

of collagen, or in the otherwise complete collagen molecule, present data 

do not indicate. 

SUMMARY 

Uniformly C'-labeled lysine was injected intraperitoneally into groups 

of rats 1 month old and at intervals of 1 hour, 4 hours, and 2 weeks, the 

skin collagen was analyzed for lysine and hydroxylysine, and their C™ 

specific activities were determined with precautions to avoid errors over 1 
per cent. 

Of the total collagen nitrogen 4.62 to 4.80 per cent was found in lysine 

and 0.59 to 0.67 in hydroxylysine. The hydroxylysine content of the 

young rats’ skin collagen is about 0.6 that reported in other mammalian 
skin collagens. 

The ratio of the specific activity of hydroxylysine to that of lysine was 

0.68, 0.71, and 1.10, after 1 hour, 4 hours, and 2 weeks, respectively. 

Reasons are discussed for the probability that hydroxylation of lysine 

occurred at the time of incorporation into the collagen, the deviations of the 

activity ratio on both sides of unity being attributable to hydroxylysine- 

free protein contaminants of the collagen. 

The amount of C'*-lysine plus hydroxylysine in the total collagen of 

the skins was one-fourth as great 2 weeks after the injections as after 4 

hours, indicating turnover of skin collagen in rats of the age used. 

The authors wish to acknowledge the technical assistance of Mr. John 

Plazin and Miss Barbara Faris. 
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GLUCOSAMINE METABOLISM 

IV. GLUCOSAMINE-6-PHOSPHATE DEAMINASE* 

By DONALD G. COMB anp SAUL ROSEMAN 

(From the Rackham Arthritis Research Unit and the Department of Biological Chemistry, 
University of Michigan, Ann Arbor, Michigan) 

(Received for publication, January 13, 1958) 

Early observations on the metabolism of p-glucosamine indicated that 

this sugar was converted to ammonia and the usual products of glycolysis 

by bacteria and by mammalian tissue slices (3). Recent studies with ex- 

tracts obtained from bacteria (4) and from rat brain (5) indicated that glu- 

cosamine was transformed to hexose via the phosphate esters. A previous 
study from this laboratory (6) showed that extracts from Escherichia coli, 

purified to remove phosphohexoisomerase, converted glucosamine 6-phos- 

phate to fructose 6-phosphate and ammonia. The reaction was reversible 

and no cofactor requirements could be demonstrated. The bacterial en- 

zyme apparently catalyzes the accompanying reaction. 

CHO H.:COH 

| | | 
HCNH, C=O 

| | 
HOCH +H.0 HOCH : 

| a | + NH, 
HCOH —H:0 HCOH 

| 
HCOH HCOH 

| 
H.COPO; H.COPO; 

Glucosamine Fructose 

6-phosphate 6-phosphate 

The identification of fructose 6-phosphate as the reaction product has 

also been reported by other laboratories in which extracts from E. coli (7) 

and Aerobacter cloacae (8) were used. 

With hog kidney extracts, the deamination of glucosamine 6-phosphate 

* Preliminary reports have been presented (1, 2). The Rackham Arthritis Re- 

search Unit is supported by a grant from the Horace H. Rackham School of Graduate 

Studies of the University of Michigan. This investigation was supported in part by 

a grant (No. A-512) from the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, and a grant from the Michigan Chapter, Arthritis and 
Rheumatism Foundation. 

t Postdoctoral Fellow, American Cancer Society. 
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was reported (9) to require the addition of N-acetylglucosamine 6-phos. | 

phate. These extracts also catalyzed the deamination of N-acetylglucos. 

amine 6-phosphate per se. The following sequence of reactions was sug- 

gested 

N-Acetylglucosamine 6-phosphate = X (I) 

Glucosamine 6-phosphate + X = N-acetylglucosamine 6-phosphate 

+ fructose 6-phosphate + NH; (Il) 

X — fructose 6-phosphate + NH; + acetate (III) 

Reactions I and II would explain the requirement for N-acetylglucosamine 

6-phosphate in the deamination of glucosamine 6-phosphate, and Reactions 

I and III would account for the fact that the extracts acted upon N-acetyl- 
glucosamine 6-phosphate alone. Further, Compound X was suggested to 

be N-acetylfructosylamine 6-phosphate. 

In an attempt to resolve the apparent discrepancy in the reaction mech- 

anisms proposed for the bacterial and hog kidney enzymes, the deaminases 

from both sources were purified and compared. The results indicate that 

both enzymes act similarly and that N-acetylglucosamine 6-phosphate can 

activate them but does not participate as an intermediate in the conversion 

of glucosamine 6-phosphate to fructose 6-phosphate as proposed in Reac- 
tions I and II. 

Materials and Methods! 

Materials—Gm-6-P, N-Ac-Gm-6-P, Galm-6-P, and N-Ac-Galm-6-P were 

prepared as previously described (10). Isotopically labeled Gm was pre- 

pared by growing Aspergillus parasiticus in a sucrose-salts medium (11) 

containing either C'-sucrose or N-ammonium nitrate. After 8 days 

growth, the chitin was isolated from the mycelia, was hydrolyzed, and 

crystalline Gm hydrochloride was isolated after ion exchange chromatog- 

raphy (12). The labeled Gm was phosphorylated with ATP and hexo- 

kinase, and the Gm-6-P was isolated and chemically N-acetylated (10). 

Tris, EDTA, TPN (96 per cent purity), protamine sulfate, 2,5-dichloro- 

phenylhydrazine, G-6-P dehydrogenase, and glucosamine hydrochloride 

were commercial products. Potato phosphatase, free from phosphohexo- 

1 The following abbreviations are used: Gm = glucosamine = 2-amino-2-deoxy- 
D-glucose; Galm = galactosamine = 2-amino-2-deoxy-p-galactose; N-Ac-Gm = N- 

acetylglucosamine = 2-acetamido-2-deoxy-p-glucose; N-Ac-Galm = N-acetylgalac- 

tosamine = 2-acetamido-2-deoxy-p-galactose; Gm-6-P = glucosamine 6-phosphate; 

Galm-6-P = galactosamine 6-phosphate; N-Ac-Gm-6-P = N-acetylglucosamine 6- 

phosphate; N-Ac-Galm-6-P = N-acetylgalactosamine 6-phosphate; F-6-P = p- 

fructose 6-phosphate; G-6-P = p-glucose 6-phosphate; Tris = tris(hydroxymethyl)- 
aminomethane; EDTA = ethylenediaminetetraacetic acid; TPN = triphosphopy- 
ridine nucleotide; ATP = adenosine triphosphate; Ac-CoA = acetyl coenzyme A. 

jsome! 

purifie 

spora 

Ant 

cedure 

Blix ( 

samin 

(13), 
Prote 

albun 

Kjeld 

En 

deam 

follov 

befor 

enzyl 

ture 

Tris- 

mint 

of er 

mint 

( 

follo 

0.2 | 

chlo 

4 pe 

was 

mec 

by 
and 

cal 

Ce 



-phos. | 
slucos. 

S sug- 

(I) 

s (II) 

(III) 

amine 

ctions 

cetyl- 

ed to 

nech- 

inases 

- that 

e can 

rsion 

Reac- 

D. G. COMB AND 8S. ROSEMAN 809 

isomerase, was obtained by the method of Kornberg.2 Acetokinase was 

purified from £. colt (13). Gm-6-P N-acetylase was prepared from Neuro- 

spora crassa and purified as described (14). 
Analytical Methods—Total hexose was determined by the anthrone pro- 

cedure (15), F-6-P by the Roe method (16), hexosamine by the method of 

Blix (17), ammonia by the Conway diffusion procedure (18), N-acetylhexo- 

samines by a modified Morgan-Elson method (19), acetate with acetokinase 

(13), Ct with a gas flow counter, and N’® with a mass spectrometer.’ 
Protein was determined nephelometrically (20) (with crystalline bovine 

albumin as a standard) during the enzyme fractionations and by micro- 

Kjeldahl analysis for more accurate determinations. 
Enzyme Assay—The reaction mixture for routine estimation of Gm-6-P 

deaminase activity during purification of EH. coli extracts contained the 

following per 0.33 ml.: 5.0 wmoles of Gm-6-P (neutralized immediately 

before use); 40 umoles of Tris-HCl buffer, pH 7.8; and 0.1 to 0.2 unit of 

enzyme. To assay the hog kidney deaminase activity, the reaction mix- 

ture was the same except that 1.0 umole of N-Ac-Gm-6-P was included and 

Tris-HCl buffer at pH 8.9 was used. The reaction was stopped after 15 

minutes incubation at 37° by the addition of 0.1 ml. of 2 N HCl. 1 unit 

of enzyme is defined as the quantity which yields 1.0 umole of F-6-P in 15 

minutes under the above conditions. 

Growth of Bacteria—E. coli B was grown in a medium containing the 

following components per liter: 6.0 gm. of NasHPO,; 3.0 gm. of KH2PQO,; 

0.2 gm. of MgSO,; 0.5 gm. of NaCl; and 4.0 gm. of p-glucosamine hydro- 

chloride. The sugar was autoclaved separately (115° for 10 minutes) as a 

4 per cent solution and added to the sterilized salt solution. The medium 

was inoculated with cultures obtained after two serial transplants in this 

medium. The bacteria were grown for 24 hours with aeration, collected 

by centrifugation, washed twice with 0.15 m NaCl solution, lyophilized, 

and stored in vacuo at —18°. Extracts of the organism grown on glucose 

were only one-tenth as active as those prepared from organisms grown on 

glucosamine (6). 

Purification of Enzyme from E. coli 

Crude Extract—Unless indicated otherwise, all operations were conducted 

between 0-4°. The dried cells (10 gm.) were suspended in 100 ml. of 0.02 

M potassium phosphate buffer, pH 5.7; 10 ml. aliquots were mixed with 8 

gm. of glass beads‘ and the cells were disrupted in a mechanical shaker 

* Unpublished procedure kindly supplied by Dr. B. L. Horecker. 

+The N!* analyses were performed by Dr. David M. Brown, Department of Chemi- 
cal and Metallurgical Engineering, University of Michigan. 

‘Superbrite glass beads, No. 115 regular, Minnesota Mining and Manufacturing 
Company, St. Paul, Minnesota. 



810 GLUCOSAMINE METABOLISM. IV 

(21). The suspension was shaken for 45 seconds, chilled in an ice bath, and 

again shaken for 45 seconds. The mixture was centrifuged for 1 hour at 

21,000 X g. and the supernatant fluid dialyzed overnight against 20 vol. 

umes of 0.02 m potassium phosphate buffer, pH 5.7. Satisfactory extracts 

were obtained in early experiments by grinding 3 gm. of dried cells with an| 

equal volume of Alumina (A-301, Aluminum Company of America) and 1) 

ml. of phosphate buffer, pH 5.7. 

Protamine Step—The dialyzed extract (70 ml.) containing 14 mg. of pro. 

tein per ml. was treated with 20 ml. of a 2 per cent protamine sulfate solv. 

tion. The mixture was stirred intermittently for 15 minutes, centrifuged, 

and the precipitate discarded. The clear supernatant fluid should exhibit 

no turbidity with additional protamine sulfate. 

T ~~ T T T T = Yon 
> 350} ELUENT: 020 M PHOSPHATE BUFFERI ? z 
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FRACTION NUMBER 

Fig. 1. Chromatography of EZ. coli deaminase on Amberlite XE-64 cation exchange 
resin. 

Chromatography—The solution (64 ml.), containing 1.0 mg. of protein 

per ml., was added to 6 ml. of Amberlite XE-64 cation exchange resin. 

The mixture was stirred in an ice bath for 20 minutes, the resin recovered 

by centrifugation, and the supernatant fluid assayed for enzyme activity. 

If more than 20 per cent remained in solution, an additional 2 ml. of resin 

were added and the adsorption was repeated. The resin with adsorbed 

enzyme was suspended in 0.2 m potassium phosphate buffer, pH 5.40, and | 

transferred to the top of a column (0.9 X 6.0 cm.) of the same resin. Step- 

wise elution of the protein was accomplished by washing the resin with 0.2 

m buffers of increasing pH (Fig. 1). In each case, the column was washed 

at a flow rate of 1.0 ml. per minute until the pH of the effluent was the 

5 Amberlite XE-64 resin (Rohm and Haas Company) was converted to the acid 

form by the method of Hirs (22), washed, and suspended in 0.2 M potassium phosphate 
buffer, pH 5.40. The mixture was adjusted to pH 5.40 with 4 N potassium hydroxide 
solution and placed on a mechanical shaker. The resin was equilibrated at this pH 

by the repeated addition of fresh buffer over a period of approximately 16 hours. 
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same as that of the influent buffer. 5 ml. fractions were collected with an 
automatic fraction collector. As indicated in Fig. 1, the elution of enzyme 

coincided with that of the last protein peak. The enzyme purification is 

summarized in Table I. 

The final enzyme preparation was 120-fold purified and displayed no 

phosphohexoisomerase activity. There was little loss in enzymatic activity 

over a period of 2 to 3 months at —18° but, after storage for 8 months at 
—18°, with repeated freezing and thawing, the enzyme lost all activity. 

Glutathione and EDTA enhanced the activity of the purified enzyme pre- 

pared from Alumina-ground cells, but no such effect was noted with enzyme 

prepared from cells disrupted in the mechanical shaker. There was no 

indication of a cofactor requirement either during the purification or after 

TaBLe [ 

Purification of E. coli Gm-6-P Deaminase 

Fraction Total units* Specific activity 

i oe iva leas os Cana aires oe 17,000 17.6 

IR oars ie oss ras 2. teee es Sas SENS <3 11,500 185 

Amberlite XE-64 resin eluatef.............. 2,900 2370 

* As defined under ‘‘Enzyme assay.” 

{ Specific activity was defined as micromoles of F-6-P formed per mg. of protein 
per 15 minutes at 37°. 

t Represents total units and average specific activity of Fractions 124 to 127 
(Fig. 1). 

treatment of the purified enzyme with mixed bed ion exchange resin (Dowex 

50, H* and Dowex 1, HCO;-) or by prolonged dialysis of the purified prep- 

aration against EDTA. 

Properties of E. Coli Deaminase 

Substrate Specificity—Of the substrates tested, the purified enzyme was 

specific for Gm-6-P. Gm, N-Ac-Gm-6-P, Galm-6-P, and N-Ac-Galm-6-P 

were unaffected. 

Effect of Substrate Concentration and N-Ac-Gm-6-P—The effect of Gm- 

6-P concentration on the reaction velocity is illustrated in Fig. 2. The 

affinity constant (K,,) calculated according to Lineweaver and Burk (23) 

was 7.1 X 10-* m. N-Ac-Gm-6-P increases the reaction velocity when 

Gm-6-P is present at levels below that required for saturation of the enzyme 

(Fig. 3). Under these conditions the calculated K, was 1.2 X 10°, 

representing a 6-fold decrease in the K,, of the enzyme for Gm-6-P in the 

presence of N-Ac-Gm-6-P. However, the velocity maximum at substrate 
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saturation is the same in both cases, i.e. in the presence or absence of N-Ae. 

Gm-6-P. As will be discussed below, the effect of this compound on the 

hog kidney deaminase was even more striking. 

Effect of pH, Enzyme Concentration, and Incubation Time—The reaction 

velocity as a function of pH and enzyme concentration is indicated in Figs, 

4and 5. The reaction proceeds at maximal velocity at pH 7.8. Product 

formation was linear during the time of incubation (Fig. 6). 

Fig. 2. Effect of Gm-6-P concentration on the FZ. coli deaminase reaction velocity. 

In addition to substrate, the reaction mixtures (1.0 ml.) contained 100 umoles of Tris- } 

HCl buffer, pH 7.8, and 0.2 y of protein. The incubation time was 15 minutes at 37°. 

Fia. 3. Effect of Gm-6-P concentration on the HZ. coli deaminase reaction velocity | 
in the presence of N-Ac-Gm-6-P. The reaction mixtures were the same as indicated 

in Fig. 2, except that N-Ac-Gm-6-P at one-tenth the substrate concentration was 

included. 

characterized as F-6-P by the following techniques. Gradient chroma- 

tography of the incubated reaction mixture on a Dowex 1 formate column 

yielded a single peak which coincided with that obtained with authentic 

F-6-P. Incubation of the product with phosphohexoisomerase and G-6-P 

dehydrogenase yielded the expected reduction of TPN. After dephos- 

phorylation with potato phosphatase, the neutral sugar was isolated in 70 

per cent yield as the 2,5-dichlorophenylhydrazone, m.p. 151°, not de- 

pressed by admixture with an authentic sample (24). By paper chroma- 

tography (n-butanol-ethanol-H,0, 9:1:10), the dephosphorylated product 

showed the same R, as p-fructose (25). 

Stoichiometry of Reaction—As indicated in Table II, 1 umole of Gm-6-P 

is converted to 1 umole of F-6-P and 1 umole of NH3. 
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Reversibility Studies—The reaction proceeds largely in the direction of 

F-6-P and NH; formation, but its reversal was detectable under the condi- 
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Fig. 4. Effect of pH on EZ. coli deaminase reaction. The reaction mixtures (1.0 

ml.) contained 40 umoles of Gm-6-P, 120 umoles of Tris-maleate buffer, pH as indi- 

eated, and 0.2 y of protein. The incubation time was 15 minutes at 37°. 

Fic. 5. Effect of EZ. coli deaminase concentration on reaction velocity. The reac- 

tion mixtures (1.0 ml.) contained 40 umoles of Gm-6-P, 100 umoles of Tris-HCl] buffer, 

pH 7.8, and the indicated amount of protein. The incubation time was 15 minutes 

at 37°. 
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Fie. 6. Effect of incubation time on E. coli deaminase reaction. The reaction 
mixture was the same as indicated in Fig. 5 and contained 0.2 y of protein. Incuba- 
tion temperature, 37°. 

tions indicated in Table III. N-Ac-Gm-6-P did not stimulate the reaction 

and glutamine did not substitute for NH; as the amine donor. The latter 

fact distinguishes this enzyme from the glutamine-F-6-P transamidase of 
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N. crassa (26), which catalyzes the synthesis of Gm-6-P from F-6-P an¢| 

glutamine in an apparently irreversible manner.*® 

Purvfication of Deaminase from Hog Kidney 

Crude Extract—Unless stated otherwise, all operations were conducted 
at 0-4°. The crude extract was prepared by suspending 1000 gm. of 

TABLE II 

Stoichiometry of E. coli Deaminase Reaction 

The reaction mixture (1.0 ml.) contained 5.0 umoles of Gm-6-P, 85 umoles of 

Tris-HCl buffer, pH 7.8, and 5 y of protein. The incubation time was 15 minutes 

at 37°. 

Compound 

pmoles per ml. 

I eke Wet aren i whee aches cw komm tee —2.38 
ae ech se Wr strand sk ieie a wave Raasion ware awiawtadee nen +2.35 

es tt bs od 5 dikes ANU vaishtoie ities wish +2.32 

Taste III 

Reversibility of E. coli Deaminase 

Each reaction mixture (1.0 ml.) contained 10 umoles of F-6-P, 100 umoles of Tris- 

HCl buffer, pH 7.8, and 4.5 y of protein. Additions to this reaction mixture were 

at 10 umoles per ml. The incubation time was 30 minutes at 37°. 

Additions Gm-6-P formed 

pmole per ml. 

NN As a Beat Rice Pi dace agate Bios kin kA ded rm Socsiord Ok 0.31 

> er NE 55 as Kiss slew ain sceeee vaneade 0.22 

Reg 2 eee ores enn cars Sn 5 sie ncn hartw alidaekieiasuine 0.00 

I yaa ie Sot Areas a ito la Sie nid Dado secaho Riese 0.00 
” tS 0.00 

minced fresh hog kidney cortex in 1 liter of 0.02 m potassium phosphate 

buffer, pH 6.0, and homogenizing 200 ml. aliquots in a Waring blendor for 

2 minutes. After centrifugation for 1 hour at 21,000 X g, the supernatant 

fluid was strained through cheesecloth to remove fat and then dialyzed over- 

night against 20 volumes of 0.02 m potassium phosphate buffer, pH 6.0. 

Heat Step—The dialyzed extract was immersed in a water bath at 85°; 

* The transamidase reaction was not measurably reversible when a partially puri- 
fied N. crassa extract was incubated with Gm-6-P and glutamic acid alone, or in 

the presence of phosphohexoisomerase, G-6-P dehydrogenase, and TPN. These 

experiments were performed by Dr. Harold J. Blumenthal. 
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}-P and} when its temperature reached 65°, it was immediately transferred to a water 

| bath maintained at 65°, held at this temperature for 2 minutes, cooled 
rapidly, and centrifuged. The precipitate was discarded. 

Ammonium Sulfate I—The supernatant fluid from the heat step was 

ducted brought to 35 per cent saturation with solid ammonium sulfate and the 

gm. of} mixture was mechanically stirred for 30 minutes. After centrifugation, the 

precipitate was discarded, and the supernatant fluid was brought to 50 per 

cent saturation with solid ammonium sulfate. After 30 minutes with 

mechanical stirring, the precipitate was collected by centrifugation, dis- 

1oles of | solved in 200 ml. of 0.02 m potassium phosphate buffer, pH 5.7, and dialyzed 
minutes | with stirring for 4 hours against 20 volumes of the same buffer. Occasion- 

ally, an inactive precipitate formed during dialysis and was removed by 

centrifugation. 

——. Calcium Phosphate Gel Step—The dialyzed ammonium sulfate fraction, 

containing 1.05 gm. of protein per 190 ml., was treated with 91 ml. of cal- 

cium phosphate gel (32 mg. of solid per ml. (27)). After 20 minutes of 

gentle stirring, the gel was recovered by centrifugation and the protein 

——_..| eluted by stirring for 20 minutes (each time) with the following 0.05 m 

potassium phosphate buffers in the indicated order: 200 ml., pH 6.0 (Eluate 

I); 200 ml., pH 6.5 (Eluate II); 100 ml., pH 7.0 (Eluate III); 100 ml., 

pH 7.3 (Eluate IV). About 50 per cent of the total enzyme units of the pre- 

f Tris- ceding step was present in Eluates IIT and IV. 

raliaaee Ammonium Sulfate []—Eluates III and IV were combined and adjusted 
namin to 50 per cent saturation with solid ammonium sulfate. The precipitate 

was collected by centrifugation, dissolved in 10 ml. of 0.02 m potassium 

ae | phosphate buffer, pH 5.7, and dialyzed with stirring for 4 hours against 

—__.. 

the same buffer. Occasionally, an inactive precipitate formed during di- 

alysis and was removed by centrifugation. 

| Acetone Step—The dialyzed ammonium sulfate fraction (10 ml.) was 

adjusted to pH 6.20 with approximately 0.1 ml. of 4 N acetate buffer, pH 

| 5.5. Ifthe pH of the solution dropped below 6.0 in the presence of acetate, 

the enzyme precipitated and was not readily redissolved. The solution 

phate } Was placed in a bath maintained between —3° and —5°, and acetone was 

os for slowly added with stirring until the acetone concentration was 18 per cent 

stent (volume per volume). After 5 minutes the precipitate was collected by 

in centrifugation at —5° and suspended in 5 ml. of 0.05 m potassium phos- 

0. phosphate buffer, pH 7.0. After 30 minutes with occasional stirring, the 

85°; mixture was centrifuged and the undissolved solid discarded. 
- 

Precipitation at pH 5.70—The acetone fraction was immediately dialyzed 

pan- against 2 liters of 0.05 m acetate buffer, pH 5.70, for 24 hours, with me- 
or in . oo we — oe P 
Nini chanical stirring. The precipitate was collected by centrifugation and sus- 

pended in 5.0 ml. of 0.05 m potassium phosphate buffer, pH 6.50, and stirred 
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occasionally for 30 minutes. The solid which had not dissolved after this 

period of time was removed by centrifugation and discarded. 

As indicated in Table IV, the enzyme at this point, designated HK-] 

is approximately 450-fold purified. When subjected to starch gel electro. 

phoresis (28),’ two major components and a possible minor component 

were detected. Repeated precipitation of HK-I at pH 5.70 in acetate 

buffer yielded an enzyme preparation purified 1360-fold. This preparation, 
as well as HK-I, catalyzed the conversion of both N-Ac-Gm-6-P and Gnm- 

6-P to F-6-P and NH;. However, when HK-I was repeatedly frozen and 

thawed, for routine use, over a period of about 1 month, it lost all activity 

TaBLe IV 

Purification of Hog Kidney Deaminase 

Fraction Total units* | Specific activityt 

ee ee PTC 9700 | 0.57 

TE PT CEP ee 9700 2.8 

Se eee 8300 8.6 

Calcium phosphate gel (Eluates III + IV).. 3900 33 
Ammonium sulfate IT..................66- 3700 58 

Acetone, 0-18%....... Ve eee eee 2500 190 

a ee ee 1650 260 

Repptn. (twice), pH 5.70.................. 870 780 

* As defined under ‘“‘Enzyme assay.” 

t Specific activity was defined as micromoles of F-6-P formed per mg. of protein 
per 15 minutes at 37°. The protein analyses, either by the nephelometric or micro- 
Kjeldahl procedure, indicated the same over-all purification. 

against N-Ac-Gm-6-P and catalyzed only the conversion of Gm-6-P to 

F-6-P and NH;. Henceforth, this preparation will be designated as HK-II. 

Phosphohexoisomerase was removed during the fractionation procedure. 

This separation could also be accomplished at any stage of the purification 

procedure by precipitation of the protein at 50 per cent ammonium sulfate 

saturation, dissolving the precipitate in a minimal volume of 0.05 m potas- 

sium phosphate buffer, pH 6.0, and heating the solution at 70° for 5 min- 

utes. Approximately 80 per cent of the deaminase activity remained in 

solution while the isomerase activity was destroyed by the heat treatment. 

Properties of Hog Kidney Deaminase 

Substrate Specificity—The purified enzyme preparation, HK-I, catalyzed 

the deamination of either Gm-6-P or N-Ac-Gm-6-P. After freezing and 

7 The starch gel electrophoresis experiments were performed through the courtesy 

of Dr. Walter Block and Dr. Frederick H. Epstein, Department of Dermatology, 

University of Michigan. 
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thawing (HK-II), the enzyme preparation catalyzed only the deamination 

of Gm-6-P, and was completely inactive with N-Ac-Gm-6-P (Table V). 

The following substrates were not deaminated: Galm-6-P ; N-Ac-Galm-6-P; 

Galm-6-P plus N-Ac-Gm-6-P; Galm-6-P plus N-Ac-Galm-6-P; Gm. For 

purposes of comparison, the substrate specificity of the HE. coli deaminase 

is also included in Table V. 

Effect of N-Ac-Gm-6-P—As illustrated in Fig. 7, the concentration of 

activator (N-Ac-Gm-6-P) greatly affected the rate of reaction. These 

results are similar to those reported by Leloir and Cardini (9). At sub- 

strate saturation, the maximal velocity of the reaction with HK-II was 

increased 5-fold in the presence of N-Ac-Gm-6-P (Table V). Maximal 

activation occurred when the ratio of N-Ac-Gm-6-P to Gm-6-P was 1:10. 

TABLE V 

Substrate Specificity of E. coli and Hog Kidney Deaminases 

Relative specific activity* 

Substrate Activator ‘ 

noe ay EB. coli 

Gm-6-P N-Ac-Gm-6-P 20 100 
os N-Ac-Galm-6-P 10 

- None 4 100 

N-Ac-Gm-6-P Ot 0 

* The specific activity is expressed as the per cent activity obtained with Z. coli 
deaminase plus Gm-6-P at optimal conditions for each mixture. 

+ Prior to freezing and thawing (HK-I), the relative specific activity was 13. 

The deamination of Gm-6-P by the hog kidney enzyme was found to be 

activated by N-Ac-Galm-6-P as well, although higher concentrations were 

required for optimal effect (Fig. 7). 

Effect of pH—The reaction velocity with HK-I as a function of pH is 

illustrated in Fig. 8. Gm-6-P alone (not illustrated) yielded a broad 

maximum between pH 7.0 and 8.2. Gm-6-P plus N-Ac-Gm-6-P or N-Ac- 

Galm-6-P gave well defined peaks at pH 8.8 and 7.5, respectively. N-Ac- 

Gm-6-P alone yielded a double peak which suggested the possibility of 

two enzymes acting on this substrate. 

Effect of Enzyme Concentration and Time—The reaction rate was linear 

with protein concentration with Gm-6-P alone or with either activator 

(Fig. 9). Under these conditions, the reaction was linear with time for 

at least 15 minutes. 

Effect of Substrate Concentration—The reaction velocity of HK-II as a 

function of substrate concentration, with and without activator, is indi- 

cated in Figs. 10 and 11. The calculated K,, with Gm-6-P alone was 1.4 X 
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Fig. 7. Effect of activator concentration on the hog kidney deaminase reaction 

velocity. The reaction mixtures (1.0 ml.) contained the following: @, 15 umoles of 

Gm-6-P, N-Ac-Gm-6-P as indicated, 120 umoles of Tris-HCl buffer, pH 8.9, and 3 y 
of protein (HK-I) specific activity 360; O, 15 umoles of Gm-6-P, N-Ac-Galm-6-P as 

indicated, 120 umoles of Tris-HCl buffer, pH 7.5, and 6 y of HK-I. The incubation 

time was 15 minutes at 37°. 

Fia. 8. Effect of pH on reaction velocity. The reaction mixtures (1.0 ml.) con- 

tained the following: @ , 15 umoles of Gm-6-P, 3 umoles of N-Ac-Gm-6-P, 120 umoles of 
Tris-HCl buffer, and 3 y of HK-I; O, 15 umoles of Gm-6-P, 7.5 umoles of N-Ac-Galm- 

6-P, 120 umoles of Tris-HCl buffer (Tris-maleate at pH 6.3), and 12 y of HK-I; x, 15 

pumoles of N-Ac-Gm-6-P, 120 umoles of Tris-HCl buffer, and 3y of HK-I. Under the 

latter conditions at pH 8.0, 0.44 umole of F-6-P was formed. The incubation time was 

15 minutes at 37°. 
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Fig. 9. Effect of hog kidney enzyme concentration on reaction velocity. The 

reaction mixtures (1.0 ml.) contained the following: @ , 10 umoles of Gm-6-P, 3 wmoles 

of N-Ac-Gm-6-P, 120 wmoles of Tris-HCl buffer, pH 8.9, and HK-I as indicated; 

X, 10 umoles of Gm-6-P, 9 umoles of N-Ac-Galm-6-P, 120 zmoles of Tris-HCl buffer, 

pH 7.5, and HK-I; O, 40 umoles of Gm-6-P, 100 umoles of Tris-HCl buffer, pH 74, 

and enzyme preparation HK-II. The incubation time was 15 minutes at 37°. 
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10-2 m. In the presence of N-Ac-Gm-6-P, however, the K,, was 6.6 X 

10-4 m. It is of interest that HK-II and the £. coli deaminase exhibit 

about the same K,, value with Gm-6-P alone. 

05 7 4! 

020 040 .060 080 

fS] MOLES PER LITER 

(e) UL MOLES F-6-P PER ML 

3 

5 oO 

0 

(0) Sy x1o~@ 

Fic. 10. Effect of Gm-6-P concentration on the hog kidney deaminase reaction 

velocity in the absence of activator. In addition to substrate, the reaction mixtures 

(1.0 ml.) contained 100 umoles of Tris-HCl] buffer, pH 7.8, and 3.8 y of HK-II. The 

incubation time was 15 minutes at 37°. 

0.20 120 

0.15 

0.104 

0.05 

(°) LL MOLES F-6-P PER ML. 
O10 020 030 .040 

fS] MOLES PER LITER 

Fig. 11. Effect of Gm-6-P concentration on the hog kidney deaminase reaction 
velocity in the presence of activator. In addition to substrate, the reaction mixtures 
(1.0 ml.) contained N-Ac-Gm-6-P at one-tenth the Gm-6-P concentration, 100 umoles 

of Tris-HCl buffer, pH 8.9, and 0.76 y of HK-II. The incubation time was 15 minutes 
at 37°. 

Characterization of Reaction Product—The product of the reaction in 

which Gm-6-P and N-Ac-Gm-6-P were employed was characterized as 

F-6-P in a similar manner to that described for the E. coli enzyme. In ad- 
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dition, the product obtained when N-Ac-Galm-6-P was employed as acti- 

vator exhibited the same R, as F-6-P by paper chromatography (methanol- 
formic acid-H2O, 16:3:1 (29)). 

Stoichiometry—The stoichiometric conversion of Gm-6-P to F-6-P and 

NH; by HK-II is indicated in Table VI. Acetate was not detected (ace- 

tokinase assay) and no N-Ac-Gm-6-P or N-Ac-Galm-6-P disappeared. 

Reversibility Studies—When HK-II was incubated with F-6-P and 

NH,Cl, a small amount of Gm-6-P was formed (Table VII). In the pres. 

ence of N-Ac-Gm-6-P, however, there was a considerable increase in the 

Gm-6-P formed. The effect of N-Ac-Gm-6-P in the deamination reaction 

TaBLe VI 

Stoichiometry with Hog Kidney Enzyme 

Gm-6-P 

| N-Ac-Gm-6-P* | N-Ac-Galm-6-P} 

moles umoles 

I tiki 625 ab aia pales oc, becnatewe Rane | —2.03 —1.66 
RS a ee ee ee yee +2.20 +1.78 

SEE ree Sateen Pee teet thee Seen we +2.25 +1.54 

65535 ans oe a oe stos w 516 Spd ph beeeia haan 0.00 0.00 

N-Acetylhexosamines...... eee eee ee | 0.00 0.00 

* The reaction mixture contained the following per ml.: 5.0 umoles of Gm-6-P; 

0.25 umole of N-Ac-Gm-6-P; 100 wmoles of Tris-HCl buffer, pH 8.9; and 7.6 y of 

HK-II. Incubated for 15 minutes at 37°. 

t The reaction mixture contained the following per ml.: 5.0 umoles of Gm-6-P; 

2.5 umoles of N-Ac-Galm-6-P; 100 umoles of Tris-HCl buffer, pH 7.4; and 15.2 y of 
HK-II. The incubation time was 15 minutes at 37°. 

(conversion of Gm-6-P to F-6-P and NH;) was noted above, and it was 

demonstrated that maximal activation of the enzyme by N-Ac-Gm-6-P 

occurred when the incubations were conducted at substrate concentration 

less than that required for enzyme saturation. Since the optimal condi- 

tions for the reverse reaction (F-6-P + NH; — Gm-6-P) have not yet been 

defined, the marked activating effect of N-Ac-Gm-6-P indicated in Table 

VII may result from the specific conditions used in these studies. 

Role of N-Ac-Gm-6-P in Reaction 

The kinetic studies presented above with both the E. coli and hog kidney 

deaminases suggest that N-Ac-Gm-6-P functions as an activator in both 

reactions, although its effect was more pronounced in the case of the latter 

enzyme. No indication was obtained that this compound was a necessary 
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intermediate in either reaction as proposed by Leloir and Cardini (9). 

More definitive evidence that N-Ac-Gm-6-P does not participate in the 

reaction mechanism of either enzyme was obtained from isotope experi- 

ments. If Gm-6-P is converted to F-6-P through the intermediate forma- 

tion of N-Ac-Gm-6-P (e.g. Reactions I, II, III), labeled N-Ac-Gm-6-P 

should give rise to labeled F-6-P early in the reaction. Since the total 

quantity of N-Ac-Gm-6-P remains constant throughout the course of the 

reaction, the specific activity of the labeled product would be expected to 

decline with time. On the other hand, if N-Ac-Gm-6-P activates the en- 

zyme without acting as an obligatory intermediate in the reaction, as sug- 

TasLe VII 

Reversibility Studies with Hog Kidney Enzyme 

The complete reaction mixture contained the following per ml.: 50 umoles of 

F-6-P; 50 wmoles of NH,Cl; 150 wmoles of Tris-HCl buffer, pH 8.1; 0.12 umole of 
N-Ac-Gm-6-P; 9.5 y of HK-II. The samples were incubated for 1 hour at 37°. 
F-6-P and NH,Cl yield high blank values by the acetylacetone method for Gm de- 

termination; the samples were therefore analyzed by the acetic anhydride method 

combined with the modified Morgan-Elson method (30, 19). All samples were cor- 

rected for the small blank values obtained with F-6-P, NH,Cl, and Tris buffer, and 
for the N-Ac-Gm-6-P, where it was added to the incubation mixture. 

Incubation mixture Gm-6-P formed 

pmoles per ml. 

NE oak aidan aiid xd se ee oe Ske Mae ema eiN On 2.15 

I so onic caea cbdstuwe beers eee 0.18 

NG 25 107 2s a oc bd Bernale a mem aoe Shue ees 0.00 

RET Ca ih 5 Srale x. os windy A Wate ve RoW RN Caled | 0.00 

gested by the kinetic data, then the products should not be labeled at any 

stage of the reaction. To demonstrate this with the LZ. coli enzyme, condi- 

tions were selected under which the reaction velocity was considerably 

greater in the presence of N-Ac-Gm-6-P than in its absence. The £. coli 

enzyme, in the absence of activator, was found to be sensitive to the type 

and concentration of buffer employed in the reaction mixture. Thus, in 

0.3 M pyrophosphate buffer the reaction rate was considerably decreased 

unless N-Ac-Gm-6-P was present (Fig. 12). An incubation mixture was 

therefore prepared which contained the following in 1.0 ml.: 11 ymoles of 

N*.Ac-Gm-6-P (10 per cent atom excess N'); 87 umoles of Gm-6-P; 300 

umoles of pyrophosphate buffer, pH 7.8; and 10 y of the purified E. coli 

enzyme. After incubation at 37° for 1 hour, 31 uwmoles of NH; were pro- 

duced and were collected in a Conway diffusion apparatus. Assay of the - 

NH; indicated no significant amount of excess N'®. Based on the errors 
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of the method, less than 0.07 per cent of the NH; was estimated to be de- 

rived from the N-Ac-Gm-6-P. 

The parallel experiment with the hog kidney deaminase was conducted 
with C'-~N-Ac-Gm-6-P labeled in the glucosamine chain. An incubation 
mixture was prepared containing the following in 10 ml.: 20 umoles of C™. 
N-Ac-Gm-6-P (1200 ¢.p.m. per umole) ; 200 umoles of Gm-6-P ; 2000 umoles 
of Tris-HCl buffer, pH 8.9; and 300 y of HK-II. The mixture was inev- 
bated at 37° and the following aliquots were withdrawn at the indicated 
times: 5.0 ml. at 2.0 minutes, 2.5 ml. at 5.0 minutes, 1.0 ml. at 10 minutes, 

and 1.0 ml. at 30 minutes. The samples were heated for 1 minute at 100° 

and applied to the top of Dowex 1 formate resin (200 to 400 mesh) columns 

0.20} 

0.10; ie | 
0.0 5+ 7 

jL MOLES F-6-P PER ML. 
0.1 0.2 03 

PYROPHOSPHATE MOLARITY 

Fig. 12. Effect of pyrophosphate concentration on EZ. coli deaminase. The reac- 
tion mixtures (1.0 ml.) for the top curve (@) contained 15 umoles of Gm-6-P, 3 umoles 

of N-Ac-Gm-6-P, pyrophosphate buffer, pH 7.8, as indicated, and 0.38 y of protein. 
The reaction mixtures for the bottom curve (1 ml.) were the same except that N-Ac- 

Gm-6-P was omitted. The incubation time was 15 minutes at 37°. 

(0.9 X 25 cm.). The columns were eluted in a gradient manner with 

formic acid (750 ml. of 0.05 n formic acid in the mixing vessel and 2.0 x 

formic acid in the reservoir) and 5 ml. fractions were collected at a flow 

rate of 0.75 ml. per minute. Gm-6-P appears in the first few fractions. 

The separation of N-Ac-Gm-6-P and F-6-P in the 2.0 minute sample is 

illustrated in Fig. 13, together with the total radioactivity of each fraction. 

Fig. 13 shows that no radioactive peak corresponding to the F-6-P peak 

was detectable. The separation of the two sugars and the distribution of 

radioactivity in the fractions obtained from the 5, 10, and 30 minute sam- 

ples were identical with that illustrated for the 2 minute sample. Further- 

more, when an artificial mixture of F-6-P and labeled N-Ac-Gm-6-P was 

chromatographed in a similar manner, identical results were obtained. 

Enzymatic Synthesis of N-Ac-Gm-6-P—Although the equilibrium for the 
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ede. deaminase reaction strongly favors the formation of F-6-P and NH, the 

reverse reaction might represent an in vivo pathway for the synthesis of 

icted Gm-6-P and its derivatives. Although Gm-6-P synthesis is barely detect- 

ation able when measured directly (Tables III and VII), the equilibrium might 

‘cu. be shifted towards Gm-6-P formation by the continuous conversion of 
noles Gm-6-P to N-Ac-Gm-6-P. As indicated in Fig. 14, N-Ac-Gm-6-P is rap- 

incu- 
al 
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Fig. 13. Chromatography of 2 minute sample from hog kidney deaminase (HK-II) 

incubation mixture. Conditions are described in the text. @, N-Ac-Gm-6-P; O, 
— F-6-P; and X, counts per minute. 
soles Fig. 14. Enzymatic formation of N-Ac-Gm-6-P. The reaction mixtures contained 

tele the following per ml.: 33 umoles of F-6-P; 33 umoles of NH,Cl; 17 umoles of Ac-CoA; 

Me. 150 umoles of Tris buffer, pH 8.1; 140 y of N. crassa Gm-6-P acetylase (specific ac- 

tivity, 175 umoles of product per mg. of protein per 15 minutes). O, contained 3.3 

y of E. coli deaminase; (@) contained 3.3 y of HK-II. There was no detectable 

N-Ac-Gm-6-P formed when either the deaminase or Gm-6-P acetylase was omitted 

with from the incubation mixture. The addition of 0.15 umole of N-Ac-Gm-6-P to (@) 

On the incubation mixture yielded no increase in N-Ac-Gm-6-P formation at any time. 
flow The incubation temperature was 37°. 

ons. oo 
hints idly formed when either /. coli or hog kidney deaminase (used in limiting 

“ra concentration) was added to a mixture containing F-6-P, NH3, Ac-CoA, 

miele and purified Gm-6-P acetylase (14). The rate of N-Ac-Gm-6-P formation 

aa was linear with time and in the case of either enzyme was independent of 

in. the initial presence or absence of small amounts of N-Ac-Gm-6-P. The 

lain, results obtained with the hog kidney enzyme were unexpected in view of 

wan the marked stimulation of N-Ac-Gm-6-P on this enzyme either in the for- 

ward or the reverse direction. As optimal conditions for Gm-6-P synthesis 

the have not yet been established, the concentration of N-Ac-Gm-6-P necessary 
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for maximal activation of the hog kidney enzyme may not be the same in 
both directions. 

DISCUSSION 

The results presented above will be discussed in connection with the 

following enzymatic reactions 

Gm-6-P + H.0 = F-6-P + NH; (IV) 

N-Ac-Gm-6-P + H.O — Gm-6-P + acetate (V) 

Gm-6-P + Ac-CoA — N-Ac-Gm-6-P + CoA (VI) 

F-6-P + glutamine — Gm-6-P + glutamate (VII) 

Only Reaction IV is measurably reversible. 

In view of our results, the mechanism previously postulated for Reaction 

IV is no longer tenable. This becomes apparent when the following evi- 

dence is considered. Both the E. coli and the hog kidney deaminases 

catalyze the deamination of Gm-6-P without added N-Ac-Gm-6-P, and all 

attempts to dissociate a cofactor from the purified enzymes have been 

unsuccessful. The kinetic data obtained with the purified enzymes suggest 

that N-Ac-Gm-6-P activates both enzymes similarly with respect to the 

K,, values, although the maximal velocity remains the same with the E. 

colt enzyme but is increased 5-fold with the hog kidney deaminase. While 

the mechanism of activation cannot now be explained in molecular terms, 

the usual derivation of K,, values suggests that N-Ac-Gm-6-P (or N-Ac- 

Galm-6-P) increases either the affinity of the enzyme for Gm-6-P or the 

dissociation of the enzyme-product complex, or that it affects both proc- 

esses. The isotope data support the evidence for the direct conversion of 

Gm-6-P to F-6-P and NH; and are incompatible with a mechanism which 

involves the conversion of Gm-6-P to F-6-P and NH; through the inter- 

mediate formation of N-Ac-Gm-6-P. Finally, N-Ac-Galm-6-P per se ap- 

parently activates the hog kidney enzyme. As little as 5 per cent conver- 

sion to N-Ac-Gm-6-P, formed by transfer of acetyl group to the substrate, 

would have been detected in the stoichiometry studies since the two N- 

acetylated compounds yield considerable differences in color intensity in 

the Morgan-Elson method (19). 

A situation somewhat similar to the deaminase activation occurs in the 

conversion of ornithine to citrulline by bacterial and mammalian enzymes 

(31). In this case, the mammalian enzyme requires the presence of N-acyl 

derivatives of glutamic acid, whereas the bacterial enzyme does not. 
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The mechanism for Reaction IV is believed to be similar to either of the 

following 

H—C= H—C—OH - CH.OH 7 CH.OH 

| | +H.0 
H—C—NH; = C—NH, oH |= C=O + NH, 

| | —— 4 | 
C 

IN 
Gm-6-P He _| F-6-P 

ii) 
CH.0H CH.0OH 

+H,0 | 
C=NH = C=O NH. —H.0 | + 3 

F-6-P 

This scheme corresponds to that proposed for the reaction catalyzed by 

phosphohexoisomerase (32) and for the chemical conversion of fructose and 

ammonia to glucosamine (33). 

Crude preparations of hog kidney enzyme also catalyze the conversion 

of N-Ac-Gm-6-P to F-6-P and NH;. In the present studies, acetokinase 

was used to show that acetate is an additional product of this reaction. 

Although 1360-fold purification of the hog kidney deaminase did not com- 

pletely separate the enzymes which act on Gm-6-P and on N-Ac-Gm-6-P, 

the final step in the purification (freezing and thawing) inactivated the 

enzyme which reacts with N-Ac-Gm-6-P. The inactivated enzyme is 

postulated to be a deacylase which catalyzes Reaction V. A similar deacyl- 

ase is present in many bacteria (34) and catalyzes the hydrolysis of N-Ac- 

Gm to Gm and acetate. According to this hypothesis, the formation of 

F-6-P, NH3, and acetate from N-Ac-Gm-6-P can be explained by the sum 

of Reactions IV and V. Attempts to demonstrate the formation of Gm- 

6-P in Reaction V, with use of crude hog kidney preparations, were un- 

successful owing to the activity of the deaminase. 

The biosynthesis of glucosamine from glucose is known to proceed in 

vivo (35). In vitro studies demonstrated that the synthesis can proceed as 

indicated in Reaction VII with extracts from N. crassa (26, 36) and by an 

analogous reaction with extracts from rat liver (37). Since Gm-6-P can 

also be formed by the reversal of Reaction IV, conceivably this represents 

an additional pathway for the formation of Gm-6-P, despite the fact that 

IV proceeds primarily to the right. Thus, Reaction IV may serve to form 

* E. coli extracts which hydrolyze the amide bond of N-Ac-Gm also hydrolyze the 
amide bond of N-Ac-Gm-6-P; whether one or two enzymes are involved is not yet 
known. These preliminary experiments were conducted by Mr. Jack Distler. 
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Gm-6-P from F-6-P and NH; by coupling it with Reaction VI. The en- 

zyme which catalyzes Reaction VI is widely distributed in nature (14). In 

fact, N-Ac-Gm-6-P is rapidly formed in vitro by coupling the two reactions 

(Fig. 14). Whether similar reactions occur in vivo remains to be demon- 
strated. 

SUMMARY 

Glucosamine-6-phosphate (Gm-6-P) deaminase has been purified 120-fold 

from Escherichia coli and 1360-fold from hog kidney. Both enzymes cata- 

lyze the conversion of Gm-6-P to p-fructose 6-phosphate (F-6-P) and NH,, 

Isotope and kinetic data indicate a single reaction mechanism, common to 

both enzymes, and that N-acetylglucosamine 6-phosphate (N-Ac-Gm-6-P) 

is not an intermediate in the reaction. N-Ac-Gm-6-P activates both en- 

zymes but shows a more pronounced effect on the hog kidney deaminase. 

The final purified preparation of each enzyme is specific for Gm-6-P 

and does not react with galactosamine 6-phosphate, N-acetylgalactosamine 

6-phosphate, N-Ac-Gm-6-P, or combinations of these compounds. 

The reactions are reversible, although F-6-P and NH; formation are 

greatly favored. However, by coupling the deaminase from either source 

with purified Gm-6-P acetylase, a rapid synthesis of N-Ac-Gm-6-P from 

F-6-P, NH3, and acetyl coenzyme A was observed. 

We are grateful to Mr. Jack Distler for the preparation of the labeled 

compounds and for his help with the isotope experiments. The advice of 

Dr. Jacob J. Blum with regard to the kinetic data is gratefully acknowl- 

edged. 
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OBSERVATIONS ON THE FUNCTION OF SODIUM IN THE 
METABOLISM OF A MARINE BACTERIUM 

By ROBERT A. MacLEOD, C. A. CLARIDGE, AIKO HORI, 
AND J. F. MURRAY 

(From the Fisheries Research Board of Canada, Technological Station, Vancouver, 
British Columbia) 

(Received for publication, January 16, 1958) 

Bacteria have been found in the sea which are distinguishable from land 

and fresh water forms by having a highly specific and readily demonstrable 

requirement for Na* for growth (1). Like other bacteria investigated, 

they also require K+. When Nat and K+ were present in a medium at the 

concentrations of these ions in sea water, the concentration of Na+ was 

found to be less and K+ greater in the cells than in the medium. Further- 

more, the quantitative requirements of the marine bacteria for Na+ and 

K+ proved to be very similar to those of animal cells in tissue culture. 

Marine bacterial cells and animal cells are thus very similar with regard to 

their relation to their inorganic environment, a point which may be of 

considerable significance from the standpoint of evolution. 

Both Nat and K+ have been found to be essential for the oxidation of 

exogenous substrates by cell suspensions of a marine bacterium (2). A 

more detailed investigation has shown that the requirement for Nat, but 

not for K+, varied according to the substrate being oxidized. Individual 

enzymes tested in cell-free extracts of the organism, on the other hand, did 

not require the addition of Nat for activity. 

EXPERIMENTAL 

The organism used was isolated from sea water and has been tentatively 

identified as a species of either a Pseudomonas or a Spirillum. The pro- 

cedures for growing the organism and preparing cell suspensions have 

been described, and the medium used was only a slight modification of 

the one employed previously (2). To obtain cell suspensions capable of 

oxidizing malate, citrate, galactose, and glucose, cells had to be suitably 

adapted by incorporating the substrate to be oxidized into the growth 

medium. For this purpose the substrate was added at a 0.5 per cent level. 

Cells adapted to the oxidation of galactose could also oxidize glucose and 

were used for the glucose oxidation study. The cells were washed and 
suspended in a 0.052 m MgC}, solution for the purposes of this investigation. 

Oxidation of substrates by whole cell suspensions was followed mano- 

metrically by using a Warburg respirometer. 

829 
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Cell-free extracts of the organisms were prepared by sonic disruption of 

the cells in a Raytheon 10 ke. sonic oscillator. Succinic dehydrogenase was 

assayed manometrically in the extract by measuring the rate of oxygen 

uptake in the presence of methylene blue (3). KCN was omitted when 

the effect of Na+ and K+ on the enzyme system was being determined. 

Fumarase was measured spectrophotometrically by observing the increase 

in optical density at 240 my with malate as substrate (4). Malic dehy- 

drogenase activity was determined by following the rate of reduction of 

TPN (triphosphopyridine nucleotide) spectrophotometrically at 340 my 

(cf. (5)). For the cell-free extract studies tris(hydroxymethyl) amino- 

methane buffers were used throughout. Protein was estimated by the 

biuret method (6) with crystalline pepsin (Worthington Biochemical Cor- 

poration) as a standard. 

Na+ and K+ determinations were carried out with the aid of a flame 

photometer attachment for a Beckman DU spectrophotometer equipped 

with a photomultiplier. 

Results 

With either acetate, butyrate, or propionate as substrate in the Warburg 

flask, a 50 mM solution of Na+ was required for maximal rate of oxidation 
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Fic. 1. Na* requirements for oxidation of various substrates by whole cell sus- 

pensions of a marine bacterium. Each Warburg vessel contained PO, buffer (K*) 
46 mm, pH 6.7, KCl 80 mm, MgCl, 3.4 mM, substrate (K* salt) 3.57 mM, 7 mg. dry 

weight of cells; total volume 2.8 ml.; center well 0.2 ml. of 20 per cent KOH; gas 

phase air; temperature 25°. Values recorded corrected for endogenous oxygen up- 

take at each level of Na+ tested and represent oxygen uptake after the following 

incubation periods: fumarate 60 minutes, succinate and citrate 70 minutes, acetate, 

propionate, and butyrate 75 minutes, malate 90 minutes. 
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by the cell suspension (Fig. 1). For the oxidation of malate about three 

times and for that of citrate, fumarate, and succinate about four times, 

this level of Na+ was required. When the requirements for K+ for oxida- 

tion were determined, no variation with substrate could be detected (Fig. 

2). The Na+ and K+ requirements for the oxidation of glucose and 

galactose by whole cell suspensions were determined and found to be almost 

identical with those found optimum for the monobasic acids. 
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Fic. 2. K+ requirements for oxidation of various substrates by whole cell suspen- 
sions of a marine bacterium. Each Warburg vessel contained tris(hydroxymethy]l)- 
aminomethane buffer, adjusted to pH 6.7 with H;PO,, 46 mm, NaCl 77 mm for mono- 

basic acids and 200 mm for di- and tribasic acids, MgCle 3.4 mm, ‘substrate (Nat 

salt) 3.57 mm, 7 mg. dry weight of cells; total volume 2.8 ml.; center well 0.2 ml. of 

20 per cent KOH; gas phase air; temperature 25°. Values recorded corrected for 

endogenous oxygen uptake at each level of K* tested and represent oxygen uptake 
after the following incubation periods: citrate 55 minutes, succinate 75 minutes, 

butyrate 90 minutes, propionate 150 minutes. 

Extracts of the organism were prepared by sonic disruption of the cells. 

Optimal conditions for the determination of the activity of succinic de- 

hydrogenase, fumarase, and malic dehydrogenase in the extract were 

established. The relative activity of each enzyme in the presence of 

various concentrations of Na+ and K+ was then determined (Table I). 

Both succinic dehydrogenase and fumarase were found to be most active 

when neither Nat+ nor K+ was added to the medium. In contrast to the 

activity of the other two enzyme systems studied, that of malic dehy- 

drogenase was negligible unless K+ was present. A 167 mm concentration 

of K+ was found to produce an optimal response. In all cases, a level of 
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Na* and K+ which would promote maximal rate of oxidation of the sub- 
strates by whole cell suspensions (200 mm Nat and 33 mm K+) depressed 
enzyme activity in the cell-free extracts. Various other concentrations 
of Nat and K* tested had no additional stimulatory effect. Analyses for 
contaminating traces of the ions in those reaction systems which contained 
no added Na* and K* revealed that for the succinic dehydrogenase system 
the Nat and K+ levels were 1.2 and 1.8 mm, for fumarase 0.02 and 0.026 
mM, and for malic dehydrogenase 0.26 and 0.18 mm, respectively. 

The results recorded in Table I for succinic dehydrogenase were ob- 

TABLE I 

Activity of Succinic Dehydrogenase, Fumarase, and Malic Dehydrogenase 

in Cell-Free Extracts of Marine Bacterium at Various 

Concentrations of Nat and Kt 

Ions added | Succinic dehydrogenase Fumarase | Malic dehydrogenase 

Nat Kt Relative activity* 

mM mM per cent | per cent per cent 

0 | 0 100 | 100 8 
200 | 33 | 65 25 37 
200 55 36 5 

33 | 88 97 | 8 

33 70 | 77 82 

200+ 68 | 38 100 

33. | ~—-200F 58 30 | 100 

* For each enzyme the maximal activity attained was assigned the value of 100, 

The activity under other conditions is expressed as per cent of the maximal acti- 
vity. 

+ For malic dehydrogenase the level of K+ for the optimal rate of oxidation 
(167 mm) was used. 

tained in a system containing no KCN to avoid adding K+. With KCN 

present, however, the enzyme did not respond to added Nat. 

DISCUSSION 

The data presented reveal a quantitative requirement for Nat for the 

oxidation of substrates by whole cells which varied with the substrate 

tested, while the individual enzymes present in extracts of the cells showed 

no dependence on the presence of Nat, at least in any appreciable amounts, 

for activity. To account for the large difference in Na+ requirement for 

oxidation by whole cells of the monobasic acids and hexose sugars on 

the one hand and for the di- and tribasic acids on the other, one must 

conclude either that the two groups of compounds are being oxidized by 
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different oxidative pathways or that Nat is involved in the transport of 

at least some of the substrates across the cell membrane. 

Considerable evidence that a tricarboxylic acid cycle exists in this or- 

ganism has been obtained. Except for certain unusual features about 

the oxidation of propionate (7), there is no evidence to suggest that the 

monobasic acids are oxidized by other than this pathway. Since this 

metabolic pathway is cyclic in nature, a requirement for Na+ at any step 

or for the transport of electrons to oxygen could not account for the dif- 

ferences in the Na+ requirement of whole cells. 

By the application of the nuclear spin resonance technique, evidence has 

been obtained indicating that Na+ forms complexes with common metabo- 

lites (8). The strongest interactions with Na+ have been found to occur 

among compounds forming chelates. The monobasic acids concerned 

here show little tendency to form chelates, while the di- and tribasic acids 

can form metal complexes (9). Differences in the Na+ requirement for 

oxidation of the two groups of compounds can then best be accounted for 

by assuming that each of the di- and tribasic acids must form a complex 
with Na* before being transported across the cell membrane. The Na+ 

requirement for the oxidation of the monobasic acids and monosaccharides 

would then be a reflection of the amount of Nat required intracellularly 

either for oxidative metabolism or to operate the Na+ pump (10), while 

the additional amount needed for the oxidation of the di- and tribasic 

acids would represent the Na+ required to form the various complexes. 

Such an explanation would also serve to account for Na+ transport into 

the cell when appropriate substrates are present in the medium, but not 

when compounds which would not form associations with Nat are being 

oxidized. 
Assays for the activity of many tricarboxylic acid cycle enzymes in 

animal tissue homogenates are carried out in the absence of added Nat 

or K+ (11). Animal cells in tissue culture have also been shown to require 

Na* and K* for growth (12). It remains to be seen whether the phenome- 

non described here for marine bacterial cells occurs in animal tissues as well. 

In having a requirement for K+, the malic dehydrogenase of this organism 

resembles the malic enzymes of Lactobacillus arabinosus (13) and Morazella 

lwoffi (14). It differs from them in being TPN-specific rather than di- 

phosphopyridine nucleotide-specific and in the fact that the reaction 

with malate as substrate can be reversed by adding oxalacetate. 

SUMMARY 

With either acetate, butyrate, propionate, glucose, or galactose as 

substrate, cell suspensions of a marine bacterium required an approximately 

50 mm concentration of Na+ for maximal rate of oxidation. For the oxida- 
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tion of malate three times and for citrate, fumarate, and succinate about 

four times, this level of Na+ was required. No variation in the K+ re- 

quirement with different substrates could be detected. 

In cell-free extracts of the organism, succinic dehydrogenase and fu- 

marase were more active in the absence of added Nat and K+ than in the 

presence of these ions. Malic dehydrogenase required the addition of K+ 

for maximal activity. In all cases, levels of Na+ and K+ required for 

maximal rate of oxidation by cell suspensions inhibited the activity of 

the enzymes in the cell-free extracts. 

It was concluded that the differences in the Na+ requirement of cell 

suspensions with substrate observed could best be accounted for by as- 

suming that the di- and tribasic acids, but not the monobasic acids and 

hexose sugars form complexes with Na+ before crossing the cell membrane. 
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ENZYMATIC SYNTHESIS OF N-GLUCOSYLURONIC 

ACID CONJUGATES* 

By JULIUS AXELROD, JOSEPH K. INSCOE, ann GORDON M. TOMKINS 

(From the National Institute of Mental Health and the National Institute of 

Arthritis and Metabolic Diseases, National Institutes of Health, United 

States Public Health Service, Bethesda, Maryland) 

(Received for publication, December 11, 1957) 

Enzymes in the microsomes of mammalian liver have been shown to 

transfer the glucuronosyl moiety from uridine diphosphate glucuronic 

acid to phenolic (2-4) and carboxylic acid acceptors (5). The present 

paper describes the enzymatic synthesis of another type of conjugate in 

which the glucuronic acid is transferred to an amino group. 

Materials and Methods 

Chemicals—o-Aminopheny] glucosiduronic acid was kindly supplied by 

Dr. R. T. Williams, St. Mary’s Hospital Medical School, London. o0- 

Aminobenzoyl and p-aminobenzoyl glucosiduronic acids were prepared 

enzymatically with UDP-glucuronic acid! and aglycone (5). Phenol- 

phthalein glucosiduronic acid and bacterial 8-glucuronidase were obtained 
from the Sigma Chemical Company, St. Louis, Missouri. UDP-glucuronic 

acid was prepared enzymatically from UDPG, with UDPG dehydrogenase 

and DPN (4). 

An aniline-glucuronic acid complex was generously supplied by Dr. R. T. 

Williams (6). This compound contained 2 moles of aniline per mole of 

glucuronic acid. 1 mole of aniline could be removed by washing a solution 

of the compound at pH 8.0 with ether. The resulting aniline-glucuronic 

acid compound did not reduce triphenyltetrazolium in 0.5 n NaOH, but, 

following acidification with 0.1 Nn HCl, both the reducing group of glu- 

curonic acid and the amino group of aniline were liberated. These ob- 

servations indicated that the compound was N-phenylglucuronosylamine, 

in which the amino group was linked to carbon 1 of glucuronic acid. 

Methods—Aniline and p-toluidine were extracted at pH 7.0 or above 

into 5 volumes of ethylene dichloride containing 1.5 per cent isoamyl 

alcohol. The compounds were returned to 1 ml. of 0.1 nN HCl and de- 

termined in 0.5 ml. of the acid extract by diazotization and by coupling 

* A preliminary report of this work has appeared previously (1). 

1 The following abbreviations will be used: DPN for oxidized diphosphopyridine 

nucleotide, UDP-glucuronic acid for uridine diphosphate glucuronic acid, UDPG 
for uridine diphosphate glucose, Tris for tris(hydroxymethyl)aminomethane. 
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836 N-GLUCOSYLURONIC ACIDS 

with N 1-naphthylethylenediamine dihydrochloride (7). p-Phenetidine 

was assayed by a procedure described previously (8). In the determina- 

tion of N-glucuronosyl compounds produced during the enzymatic reae- 

tion, the unchanged free amines were removed by shaking the incubation 

mixture twice with 5 volumes of ether. An equal volume of 0.5 n HC 

was then added to the extracted aqueous solution. After waiting 5 min- 

utes, the solution was made alkaline with sodium hydroxide, and the 

liberated amine was determined as described above. 

o-Aminophenyl glucosiduronic acid was measured by the procedure 

of Levvy and Storey (9). o-Aminobenzoyl glucosiduronic acid and 

p-aminobenzoyl glucosiduronic acid were determined by the procedure 

described by Dutton (5). Phenolphthalein was measured at 540 mu 

after adjusting the pH to 10.0. Glucuronic acid was estimated by the 

carbazole reaction (10). 

Preparation of Tissues—Microsomes from guinea pig liver were prepared 

by a procedure described previously (4). Nuclei, mitochondria, and soluble 

fractions were prepared by differential centrifugation of liver homogenates 

in isotonic sucrose (11). 

Enzyme Assay—A typical incubation consisted of microsomes obtained 

from 300 mg. of guinea pig liver, 25 umoles of MgCl, 0.1 umole of UDP- 

glucuronic acid, 0.5 umole of substrate, 100 umoles of Tris buffer, pH 8.0, 

and water to make a final volume of 1.5 ml. The mixture was incubated 

at 37° in a 15 ml. glass-stoppered centrifuge tube. After 30 minutes, 

the mixture was cooled, and the N-glucuronosy] derivatives were determined 

as described under ‘‘Methods.”’ 

Results 

Enzymatic Synthesis of N-Glucuronosyl Derivatives of Aniline and Other 

Amines—The formation of a glucuronic acid conjugate of aniline was 

indicated by the disappearance of the amine after incubation with guinea 

pig microsomes and UDP-glucuronic acid (cf. (1), Table I). In the ab- 

sence of UDP-glucuronic acid or when this cofactor was replaced with 

UDPG or glucuronolactone, little or no disappearance of aniline was 

observed. To determine whether the aniline that disappeared was present 

in “bound” form, the residual aniline was removed from the incubation 

mixture by extraction with ether, and the aqueous residue was acidified 

with hydrochloric acid. When this solution was kept at room temperature 

for 5 minutes, its extraction with ethylene dichloride at an alkaline pH 

was demonstrated by an almost complete recovery of the free amino 

compound. The liberated amine was identified as aniline by the tech- 

nique of comparative distribution ratios (7). These observations sug- 

gested that the aniline which disappeared upon incubation with UDP- 
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glucuronic acid and guinea pig liver microsomes was converted to an 

acid-labile glucuronide, presumably N-phenylglucuronosylamine. 

Further evidence for the identity of the enzymatically formed product 

was obtained by comparing its solubility and rate of hydrolysis with those 

of a synthetic sample. The biosynthetic and authentic samples in 0.1 N 

sodium hydroxide were shaken with 10 volumes of n-butanol (previously 

saturated with water), and the aqueous phase was assayed for conjugated 

aniline. 25 per cent of each compound was extracted into the organic 

solvent. 
The rates of hydrolysis of the enzymatically formed and synthetic ani- 

100 T l T 

80} \ _ 

60 F ‘ 4 

40 , - 

~ ae 

q N l — 

60 70 80 90 100 lO 120 13.0 

pH 

PERCENT HYDROLYZE D 

Fig. 1. Rates of hydrolysis of enzymatic (@) and synthetic (A) N-phenylglucuro- 

nosylamine. Substrates (1 X 10-4 M) were incubated in 0.5 m Tris buffers at 37° 

for 60 minutes. 

line conjugates were compared at various pH values and were found to be 

the same (Fig. 1). N-Phenylglucuronosylamine was most stable at an 

alkaline pH. Upon incubation with 8-glucuronidase at pH 7.0, the rates 

of hydrolysis of both compounds were no greater than that observed with 

the boiled enzyme. 

Incubating amines such as p-phenetidine and p-toluidine with guinea 

pig microsomes and UDP-glucuronic acid resulted in the formation of 

N-glucosyluronic acids (Table I). 

Significant conjugating activity was present only in the microsomal 

fraction of guinea pig liver. 

Properties of Enzyme System—In Tris buffer the rate of aniline conjuga- 

tion was most rapid between pH 7.5 and 8.0. At pH 6.0 the reaction pro- 

ceeded at 6 per cent of the maximal rate, while at pH 9.0 the reaction was 

80 per cent of maximal. 
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As might be expected, the rates were the same whether incubation 
was aerobic or anaerobic. 

The time-course of N-phenylglucuronosylamine formation is shown in 

TABLE I 

Enzymatic Synthesis of N-Glucosyluronic Acids 

Washed microsomes obtained from 300 mg. of guinea pig liver were incubated at 

37° with substrate, MgCl2, and buffer, as described under ‘‘Methods.”’ After incu- 

bation for 30 minutes, the reaction mixture was assayed for amine N-glucuronide. 

Substrate Additions (0.1 umole each) | | 

| | 
Aniline None | 0.008 

UDP-glucuronic acid 0.060 
p-Phenetidine None 0.004 

- UDP-glucuronic acid 0.037 
p-Toluidine None 0.005 

UDP-glucuronic acid 0.075 

WG 
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Fic. 2. Rate of N-phenylglucuronosylamine synthesis. Each sample contained 

microsomes from 300 mg. of guinea pig liver, aniline, and cofactors as described 
under ‘‘Methods.”’ 

Fig. 2. A similar rate of biosynthesis of hemiacetal and ester type glu- 

curonide linkages has been shown (2, 5). 

Table II shows that the presence of phenolic or carboxylic acid acceptors 

reduced the amount of N-phenylglucuronosylamine formed even in the 

presence of excessive amounts of UDP-glucuronic acid and that this 

depression could be overcome by adding larger amounts of the amino 

substrate. 

Hydrolysis of Various Types of Glucuronide Linkages—The rates of 

hydrolysis of hemiacetal, ester, and N-glucosyluronic acids under dif- 
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ferent conditions were compared (Table III). N-Glucuronosyl derivatives 

were easily hydrolyzed in dilute acid at room temperature, but resisted 

attack by 6-glucuronidase. The reverse was found to be true with hemi- 

TABLE II 

Inhibition of N-Glucosyluronic Acid Synthesis 

Each sample containing microsomes obtained from 300 mg. of guinea pig liver, 
100 zmoles of Tris buffer, pH 8.0, 25 wymoles of MgCle, 0.4 umole of UDP-glucuronic 

acid, aniline hydrochloride, and inhibitors was incubated for 30 minutes at 37° and 

assayed for N-phenylglucuronosylamine formed. 

Aniline (umole) Inhibitor (umole) | Inhibition 

| per cent 

0.1 Phenol, 0.05 } 44 

0.1 | “0.08 67 
0.1 0.10 82 

0.4 o 0.08 | 33 

0.1 Benzoic acid, 0.1 13 
0.1 - «0.4 40 

0.4 " “ 0.1 | 0 

TaBLeE III 

Hydrolysis of Various Types of Glucuronic Acid Linkages 

The final concentration of glucuronides was 1 X 10-‘m. The results are expressed 

as per cent of substrate hydrolyzed. 

N-Glucuronosyls of | o-Glucuronosides of | Ester glucuronides of 

Conditions oom er — l ~—-— prom —o 

+: -4. | o-Amino- | Phenol- o-Amino- p-Amino- 
Aniline |P-Toluidine | phenol | phthalein |benzoic acid] benzoic acid 

ee nae 
6-Glucuronidase, 700 | | 

units, pH 7.4, 15 min., | | | 

ee ksten o* | 0* 90 100 | 100 100 

0.2 ~ HCl, 5 min., 25°. 100 100 0 0 | 0 0 

0.2 “NaOH, 20hrs.,37°.| 30 50 o | oO | 100 75 
| 

* The rate of hydrolysis of N-glucosyluronic acids with 8-glucuronidase was no 

greater than that observed with boiled enzyme. 

acetal and ester type linkages. In alkaline solution, ester glucuronides 

were readily hydrolyzed, whereas hemiacetal glucuronides were stable. 

On the basis of these properties, the type of glucuronide linkage may be 

established. 

Formation of N-Phenylglucuronosylamine in Vivo—Three guinea pigs 

were given 50 mg. per kilo of aniline hydrochloride intraperitoneally. 
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30 minutes before the administration of the amine, each animal received 

600 mg. of sodium acetate to insure the excretion of an alkaline urine. 

Urine was collected for 24 hours in a beaker containing 2 ml. of 1 N sodium 

hydroxide. The free aniline was removed by extracting an aliquot of the 

urine with ethylene dichloride, and bound aniline was liberated after 

treatment with hydrochloric acid was determined. About 22 per cent of 

the administered aniline was excreted as an acid-labile conjugate. The 

conjugated aniline found in the urine had the same partition coefficient in 

the butanol-0.1 n NaOH system, as well as rates of hydrolysis at various 
pH values, as an authentic sample. 

DISCUSSION 

The data presented here demonstrate the enzymatic transfer of the 

glucuronosyl moiety of UDP-glucuronic acid to an amine acceptor. These 

observations suggest that this biosynthetic reaction may represent an 

important pathway for the metabolism of amino compounds and would 

explain the findings of others that the administration of amines results in 

the excretion of N-glucosyluronic acids (12, 13). 

It appears likely, on the basis of the evidence presented by Dutton 

(5) and the current investigation, that a single enzyme catalyzes the 

transfer of glucuronic acid to phenolic, alcoholic, carboxylic, and amino 

acceptors, although a definitive answer must await purification of the 

enzyme. The failure of UDPG to act as a donor, however, indicates at 

least a certain degree of specificity with regard to the “active” sugar. 

Because of its non-specificity, the glucuronosyl-transferring enzyme ap- 

pears eminently suitable for the “detoxification” of a wide variety of 

foreign compounds as well as of those which are normally present. It is 

interesting in this regard that, of the numerous possible alcoholic acceptors 

tested, all but N-acetylglucosamine inhibited the formation of N-phenyl- 

glucuronosylamine, which may suggest that N-acetylhyalobiuronic acid 

formation is not catalyzed by this enzyme. 

The present study, taken with the work of other investigators, indicates 

that the formation of glucosiduronic acid is a nucleophilic substitution 

reaction in which the electron-donating aglycone displaces the UDP 

moiety (3) from the anomeric carbon atom of UDP-glucuronic acid by a 

backside attack. This formulation rationalizes the inversion of the 

a-glycosidic bond of the nucleotide to the 8 configuration of the gluco- 

siduronic acid. On the basis of this mechanism, and in view of the lack 

of specificity of the transferring enzyme, one might predict that other 

nucleophilic substances, e.g. SH compounds, could also function as ac- 

ceptors.” 

? Recently Clapp (14) has isolated an S-glucuronosyl derivative from urine after 

the administration of a sulfonamide. 
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SUMMARY 

An enzyme in the microsomes of guinea pig liver that can transfer 

glucuronic acid from uridine diphosphate glucuronic acid to the nitrogen 

group of amines is described. The possibility is considered that a single 

enzyme is involved in the synthesis of all types of glucosiduronic acid 

linkages. 

Methods for the differentiation of hemiacetal, ester, and N-gluco- 

syluronic acids are presented. 
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FATTY ACID COMPOSITION OF COMPONENT LIPIDES FROM 
HUMAN PLASMA AND ATHEROMAS* 

By FRANCIS E. LUDDY, R. A. BARFORD, anp 

ROY W. RIEMENSCHNEIDER 

(From the Eastern Regional Research Laboratory,t Philadelphia, Pennsylvania) 

AND JOHN D. EVANS 

(From the Temple University School of Medicine, Philadelphia, Pennsylvania) 

(Received for publication, January 17, 1958) 

The mounting evidence within the past few years that suggests the 

important role which dietary fats may play in renal-cardiovascular diseases 

has stimulated an unprecedented interest in almost every aspect of lipide 

metabolism, as indicated by the great increase in publications in this 

field. Unfortunately, owing to lack of satisfactory micro- or semimicro- 

methods for separating lipide components and determining their fatty acid 

composition, little has been published on the effect of dietary fatty acids 

on the fatty acid composition of the various body tissue lipides, although 

the need for these comprehensive studies has certainly been recognized. 

Considerable attention is being given to the development of improved 

methods for the purpose, and recent advancements in lipide fractionation 

and analysis offer promise of useful application in lipide metabolism 

research: elution chromatography on silicic acid columns for separating 

extracted lipides into their components, 7.e. sterol esters, glycerides, free 

sterols, and phospholipides (1-3); reverse phase partition chromatography 

for fractionating mg. quantities of fatty acids (4); gas liquid partition 

chromatography for analytical separation and determination of mg. 

quantities of fatty acids (5); and a spectrophotometric micromethod for 

determining polyunsaturated fatty acids in mg. sized samples (6). 

These methods should still be considered in the developmental state, 

but, at least, attempts are being made to improve them. For example, 

Lipsky et al. (7) recently reported a modification of Borgstrém’s silicic 

acid column technique, Crombie et al. (8) extended the reverse phase 

partition technique of Howard and Martin (4), apparatus for gas-liquid 

chromatography and techniques for its application to fatty acid analysis 

are still undergoing more or less continuous change and refinement; simi- 

larly, extensions and refinements have recently been proposed for the 

* Presented at the meeting of the American Oil Chemists’ Society, Cincinnati, 
Ohio, September 30 to October 2, 1957. 

t One of the laboratories of the Eastern Utilization Research and Development 
Division, Agricultural Research Service, United States Department of Agriculture. 
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spectrophotometric micromethod (9, 10). Although it seems probable 

that gas-liquid chromatography may ultimately be the method of choice | 

for determination of fatty acids, the present status of its development 

leaves much to be desired as a routine quantitative method for determining 

unsaturated fatty acid components. Indeed, there is great need for more 

extensive experience in different laboratories with all of these more recent 
methods. 

Very little has been published on the application of the recent advances | 

in methodology for the separation of lipides of body tissues into their | 

components and for the determination of fatty acid composition of each, 

Early studies on the nature of the fatty acids of cholesterol esters and other 

component lipides were limited to determination of the degree of un- 

saturation by means of iodine values (11-13). Recently, alkali isomeriza- 

tion spectrophotometric methods (14, 15) have been employed to deter- 

mine the polyunsaturated acids of total lipides of human plasma. Mukher. 

jee et al. (16) employed silicic acid chromatography to separate the 

component lipides of rat blood and a spectrophotometric method to deter- 

mine the fatty acid composition of each. Freeman et al. (17) described a 

chromatographic method used in conjunction with infrared spectrophotom- 

etry to determine the proportions of lipide components in serum lipides, 

but did not report fatty acid analysis. 

The present paper describes the separation of component lipides of 

human plasma and atheromas by means of silicic acid chromatography, and 

the determination of fatty acid composition of the component lipides by 

means of ultraviolet spectrophotometry and iodine numbers. 

EXPERIMENTAL 

Source of Tissue—The plasma was obtained by centrifuging whole blood 

from two healthy young male medical students (12 hours without food) 

for 1 hour at 2000 r.p.m. The plasma was pipetted from the cells and was 

first extracted with Delsal (18) solvent (4:1 methylal-methanol), and then 

the coagulated solids were given a final extraction with peroxide-free 

ethyl ether. After removal of the solvent, the crude lipide residues were 

reextracted with redistilled petroleum ether (b.p. 60-70°) and combined. 

From 415 ml. of plasma (corrected for added anticoagulant—acid-citrate- 

dextrose solution) 2.052 gm. of petroleum ether-soluble lipides were ob- 

tained. 

The lipides from atheromas were obtained as follows. Atheromatous 

plaques, some ulcerated, were excised from human aorta taken at autopsy 

and extracted first with several portions of Delsal solvent and with ethyl 

ether. Then the tissue was finely shredded and reextracted by triturating 

in a mortar with successive portions of ethyl ether. After removal of 
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the solvents, the lipide residues were reextracted with petroleum ether 

(b.p. 60-70°) and combined. From 25 gm. of moist tissue, 4.35 gm. of 

petroleum ether-soluble lipides were obtained. 

Solvents—All solvents used in any of the operations reported in this 

paper were carefully redistilled through a 24 inch Vigreux column before use. 

The ethyl ether employed as eluting solvent was treated with sodium and 

then distilled. 
Separation of Lipides on Silicic Acid Column—An apparatus similar 

in design to that described in previous work (19, 20) for operation under 

slight but constant pressure of nitrogen (1 to 2 cm. of Hg above atmos- 

phere) was used for separation of lipides. The glass column (21 X 300 
mm.) was packed by introducing a mixture of 22.0 gm. of silicic acid'-filter 

aid? (80:20) in 100 ml. of petroleum ether (b.p. 35-60°). This mixture had 

been heated to boiling in a beaker, with stirring, for 5 minutes. During 

addition, slow stirring with a long thin stainless steel rod inserted in the 

column aided in uniformly packing the adsorbent as it settled by gravity. 
The adsorbent, when settled in the column, was about 190 mm. in height. 
The incorporation of a fraction cutter permitted collection of measured 

volumes of eluate under nitrogen. 

About 100 mg. of weighed lipide in 10 ml. of petroleum ether were added 

by way of a separatory funnel connected to the top of the column. This 

was quantitatively washed down into the column with a wash of 10 ml. of 
the solvent, care being taken to keep the solvent level above the top of the 

adsorbent at all times. The first eluting solvent, 350 ml. of petroleum 

ether containing 1 per cent ethyl ether by volume, was then added to 

the separatory funnel, and the flow rate was adjusted to keep a constant 

level of several inches of liquid above the adsorbent. The rate of percola- 

tion about 150 ml. per hour was adjusted by increasing or decreasing the 

nitrogen pressure on the system. The order of elution, the same as that 

reported by others, was as follows: (1) hydrocarbons, 50 ml. of petroleum 

ether (+ 1 per cent ethyl ether); (2) sterol esters, 300 ml. of petroleum 

ether (+ 1 per cent ethyl ether); (3) glycerides, 300 ml. of petroleum ether 

(+ 4 per cent ethyl ether); (4) sterols + free acids, 350 ml. of petroleum 

ether (+ 8 per cent ethyl ether); and (5) phospholipides, 250 ml. of 25:75 

methanol-ether followed by 250 ml. of 50:50 methanol-ether. 

The separation of the plasma and atheroma lipides was similar except 

that no hydrocarbons were obtained from the atheroma lipides, and some 

1 Mallinckrodt’s analytical grade (100 mesh), suitable for chromatographic analy- 

sis by the method of Ramsey and Patterson. 

* Hyflo Super-Cel filter aid. (The mention of commercial products does not imply 

that they are endorsed or recommended by the Department of Agriculture over others 

of a similar nature not mentioned.) 
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of the phospholipides of the plasma were so strongly retained on the column 

that not all were removed. It was found more quantitative and practical 

to isolate them independently from the total lipides by precipitation with | 

acetone and magnesium chloride, as described by Lipsky et al. (7). 

Treatment and Analysis of Eluted Fractions—The solvent was removed 

from the eluted fractions under reduced pressure, and the lipide residues 

were transferred quantitatively to weighed (tared) 50 ml. round bottomed 

flasks with petroleum ether. This solvent was then removed, and the flask 

and contents were brought to dryness by the application of a vacuum and re- 

lease to atmospheric pressure with nitrogen until constant weight was ob- 

tained. The fractions were saponified under nitrogen, the unsaponifiable 

material was extracted, and the fatty acids were recovered by quantitative 

extraction after acidification. The weighed fatty acids were made up toa 

standard volume with petroleum ether (b.p. 60-70°). Aliquots were 

taken for determination of polyunsaturated acids and iodine values. 

Polyunsaturated Acids—The polyunsaturated acids were determined by 

a modification of the method described by Herb and Riemenschneider 

(6). Aliquots of the solution of weighed fatty acids obtained from the 

column separation (2.0 to 7.0 mg.) were added directly to the isomeriza- 

tion tube, and the solvent was removed under a stream of nitrogen and by 

warming. 2 gm. of 21 per cent KOH-glycol reagent were then added, 

and the sample was isomerized for 16 minutes at the usual 180°. The 

tubes were not removed from the bath during the period they were being 

shaken. (This modified procedure was tested along with the original 

procedure on numerous samples of different fats within the sample weight 
range of 1.0 to 7.0 mg., and the results showed good agreement.) 

Iodine V alue—Aliquots of the solution of weighed fatty acids representing 

2.0 to 5.0 mg. of sample were added to 50 ml. glass-stoppered flasks. The 

solvent was removed under a stream of nitrogen and by warming. Chloro- 

form, 0.4 ml., was added from a hypodermic syringe in such a manner as 

to wash down the wall of the flask. Exactly 1.0 ml. of 0.2 N Wijs solution 

was added with a micropipette. The flasks were then stoppered after 

the stoppers were slightly moistened with potassium iodide solution, 

and were stored in a dark cabinet for 20 minutes. After this reaction time, 

the stoppers were loosened enough to permit washing by dropwise addition 

of 0.4 ml. of 15 per cent KI solution to the flask, followed by the addition 

of about 4 ml. of distilled water. The iodine was titrated with 0.01 x 

sodium thiosulfate solution, with 4 to 8 drops of 1 per cent starch solution 

added as indicator. 

RESULTS AND DISCUSSION 

The separation of the sterol ester and glyceride fractions on the silicic 

acid column was essentially quantitative. Analyses of sterol ester frac- 

tions 
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tions from a number of experiments indicated that the sterol content of the 

ester fractions was from 59 to 62 per cent (theoretical recovery for cho- 

lesterol oleate, 59.5 per cent). Recovery of fatty acids from the saponified 
fractions was about 95 to 96 per cent of the theoretical. The glyceride 

fractions contained only minor amounts of sterol (1 to 5 per cent), which 

were removed after saponification and before recovery of the fatty acids. 
The free sterol and the free acids were eluted together in the same fraction. 

This fraction from the atheromas contained almost 97 per cent sterol, 
which had a melting point of 142° (micro melting point). The plasma 

sterol-acid fraction was usually about 80 per cent sterol. The acid portion 

of the fraction was confirmed by titrating with standard alkali by a micro- 

technique. These acids, however, were not isolated. The phospholipide 

TABLE I 

Component Lipides of Atheroma and Plasma 

Atheroma Plasma 

A B A B 

— per cent per cent per cent per cent 

RNIN 6s 5 ¥sos swihn eine nueeen 3.6 3.3 

Cholesterol esters................. 27.8 28.1 39.3 41.3 

ES errr more 20.4 18.4 14.3 13.8 
i ti kin Rab Na 39.5 38.4 8.3 8.3 
IN cisco. cis acs ara tereisinalgreinisiwiee Trace Trace 2.3 23 

0 ree 13.3 14.1 32.2 32.2 

A and B represent duplicate determinations. 

content of plasma lipides was obtained independently of the column separa- 

tion. The small fraction isolated from the plasma before the cholesterol 

esters was identified by infrared analysis as hydrocarbon. The test for 

sterol in this fraction was negative. Table I summarizes the lipide com- 

position of atheromas and plasma. Analyses for free and total cholesterol 

on the extracts (plasma-total cholesterol 31.5 per cent, free cholesterol 8.6 

per cent; atheromas-total cholesterol 55.7 per cent, free cholesterol 39.5 

per cent) agree very well with those derived from the fractionation data. 

The free sterols of the atheromas amounted to 70 per cent of the total 

sterols present, and the free sterols of the plasma were about 26 per cent 

of the total sterols of that tissue. The phospholipide content of the plasma 

was almost twice that of the atheromas, and the ratio of phospholipide 

to cholesterol was also much greater in the plasma than in the atheromas. 

The fatty acid compositions of the fractions separated from atheromas 

and plasma lipides are compared in Tables II, III, and IV. The plasma 

fractions were almost twice as high in polyunsaturated acids as the cor- 



FATTY ACID COMPOSITION OF LIPIDES 848 

responding fractions from atheromas. Over half of the polyunsaturated] 

acids of both tissues was present as sterol esters. The oleic acid content| 
of the fatty acids of cholesterol esters from atheromas was more than double! 

TABLE II 

Fatty Acid Composition of Sterol Esters* 
ee, 

Acid Atheromas (iodine No. 134.0) Plasma (iodine No. 142.7) 

per cent per cent 

Sr ee ee ee 23.62 47.46 

I goo ask oes tier 9 seas 1.44 0.73 
IS en no ence wa awe 2 7.01 8.00 

SN ads ele dewis0 54 autos 1.27 0.95 

NN id 5d cha wenlemiaa 0.99 0.69 

| othe EE epee eee 61.50 23.49 

ae eee 4.17 18.68 

* Analysis conducted on fatty acids recovered after saponification and removal of 
unsaponifiable material. 

t The value includes 2.28 per cent conjugated diene. 

t The value includes 1.02 per cent conjugated diene. 

TaBLeE III 

Fatty Acid Composition of Glycerides* 

Acid Atheromas (iodine No. 84.7) Plasma (iodine No. 78.3) 

per cont - per cent 

EE ee a Oe eee 7.03T 14.27f 

IS (S558, 2.2'cn coin d blempann «HSCS 0.52 1.34 

RN ood sys terest ne awa 2.26 1.26 

SS TIE FE OE 0.60 0.47 

ee er 0.00 0.54 

go a eA Rie ae ater 67.41 44.72 

RIA SI ce A NC 22.18 37.40 

* Analysis conducted on fatty acids recovered after saponification and removal 
of unsaponifiable material. 

t The value includes 1.61 per cent conjugated diene. ‘ 

t The value includes 2.12 per cent conjugated diene. f 

that from the plasma. It was also considerably greater in the glyceride 

and phospholipide fatty acids from atheromas. The saturated acids 

were somewhat higher in the plasma fractions. It is interesting to note 

that the cholesterol ester fatty acids of the atheromas contained only 

small amounts of saturated acids. Infrared spectroscopic examination 

of the fatty acids showed no measurable amount of trans double bonds. 
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The analyses of the total fatty acids of atheromas and plasma are pre- 

sented in Table V. They, of course, reflect the fraction data and show 

¢ The value includes 2.93 per cent conjugated diene. 
t The value includes 3.27 per cent conjugated diene. 

TaBLE IV 

Fatty Acid Composition of Phospholipides* 

Acid Atheromas (iodine No. 77.1) Plasma (iodine No. 101.8) 

per cent per cent 

Nos dink ahh eaele ee ew Allele 7.21f 14.53f 

EN a riers inane calpawiead 2.30 0.97 
Ee re en tre 2.57 8.16 

SN ss dvs oe edad aes 0.00 1.76 
ed, Sivinys Saizdkis waite 0.00 1.42 

SR are See ere Fee 55.70 35.50 

I 0 a iki aSedg ds Shoaib ce 32.22 37.66 

* Analysis conducted on fatty acids recovered after saponification and removal of 

unsaponifiable material. 

TABLE V 

Fatty Acid Composition of Total Lipides* 

Acid Atheromas (iodine No. 110.0) Plasma (iodine No. 113.0) 

per cent per cent 

RS Fis okniaoh te ck aecwinan 15.99T 25.21f 
sid Sabie eg hvialac aeuweciel 1.07 1.45 

eee <. 5.70 6.70 

ER ae es ee 1.29 1,26 

ER eee ae te 1.09 (1.46 

Wai, cables a «Pas awlehese 54.40 32.51 

NE ico bh nest swish wad 20.46 31.41 

* Analysis conducted on fatty acids recovered after saponification and removal of 
unsaponifiable material. 

t The value includes 1.68 per cent conjugated diene. 

{ The value includes 1.31 per cent conjugated diene. 

the atheromas to be high in oleic acid but appreciably lower in both the 

saturated and polyunsaturated acids. 

The fatty acid content of the fractions is of particular interest in the light 

of certain suggestions which have been made concerning the possible effect 

of saturated versus unsaturated acids on cholesterol atheromatous deposits. 
It has been theorized that a high saturated acid content of the diet may 
cause a preponderance of cholesterol esters of saturated acids in the blood. 
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These saturated acid sterol esters have a higher melting range and are less 

soluble and possibly less compatible in the blood than are the unsaturated 

esters. Thus, they may have a greater tendency to deposit in the coronary | 

walls. If this is true, the cholesterol esters of the atheromas should have a 

higher saturated acid content than those of normal plasma. The results 

obtained do not support this idea. However, the difference in content 

of the various unsaturated acids warrants further investigation of the 

relation between plasma and atheromatous lipide compositions. 

SUMMARY 

Elution chromatography on silicic acid columns has been employed for 

the separation of tissue lipides into their component sterol esters, gly- 

cerides, free sterol-fatty acids, and phospholipides. A study was also 

made of the application of the spectrophotometric method for analysis of 

fatty acid composition of the lipide fractions. These procedures were 

successfully applied to the separation and analysis of lipides from human 

plasma and atheromas. The polyunsaturated acid content of the lipides 

from plasma was much greater than that for the corresponding lipides 

from atheromas, whereas the oleic acid content was much greater in the 

atheroma lipides. The saturated acid content of the cholesterol esters 

and glycerides from atheromas was considerably less than in corresponding 
fractions from plasma. 
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DEOXYRIBOSYL COMPOUNDS IN ANIMAL TISSUES 

By JEAN ROTHERHAM anv WALTER C. SCHNEIDER 

(From the National Institutes of Health, Public Health Service, United States 
Department of Health, Education, and Welfare, Bethesda, Maryland) 

(Received for publication, January 22, 1958) 

Several types of deoxyribosyl compounds have been found in the acid- 

soluble fraction of normal and malignant tissues (1-8). In 1955 Potter 

and Schlesinger (1) reported the isolation of deoxynucleoside mono-, di-, 

and triphosphates from extracts of calf thymus. More recently LePage 

(7) reported the isolation of deoxyadenosine triphosphate from a tumor. 

Schneider (2), using a microbiological assay method, found that small 

amounts of deoxyribosyl compounds were present in the blood and in all 

of the tissues of the rat and mouse which were examined. Studies on 

the isolation of the deoxyribosyl compounds of rat liver and blood indicated 

that deoxycytidine accounted for almost the entire microbiological activity 

of the tissue extracts (2, 3). Extracts of the Novikoff hepatoma and of 

regenerating liver, however, contained considerable proportions of deoxy- 

nucleotide-like material (3, 4). 

Studies of the growth requirements of the organism used in the assay 

method (Lactobacillus acidophilus R-26) had indicated that equivalent 

growth was obtained with equimolar amounts of any of the natural de- 

oxynucleosides or nucleoside monophosphates (2, 9, 10). Growth was 

also supported by dideoxynucleotides but not by deoxynucleoside di- 

or triphosphates (9). The present study was undertaken to develop 

methods whereby compounds of the latter type could be measured micro- 

biologically. The following report describes methods for the enzymatic 

conversion of these compounds to nucleosides or nucleoside monophos- 

phates and presents the results of simultaneous determinations of the 
content of deoxynucleosides, deoxynucleoside monophosphates, and 

“digestible’’ deoxynucleotides for various rat and mouse tissues. Those 

compounds which required enzymatic digestion for conversion to nucleo- 

sides or nucleoside monophosphates are designated as ‘‘digestible” nucleo- 

tides in this report. 

Methods 

Preparation of Tissue Extracts—Tissues! were removed as quickly as 

possible from animals under ether anesthesia and frozen in liquid nitrogen. 

'The authors are indebted to Dr. A. J. Dalton and Dr. M. K. Barrett for some of 
the tumor transplants used in this study and to Miss Myra Embrey for performing 
the partial hepatectomies. 

853 
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In some cases extracts were made of pooled tissues obtained from several] 

animals and in others the frozen tissue was powdered and samples were 

taken for the preparation of the extracts. Usually the tissues were stored 
for 2 days or less at —20° before preparation of the extracts. 

Samples of blood were removed by decapitating the animals and bleeding 

directly into liquid nitrogen. Urine was removed from the bladder by 

hypodermic syringe. Regenerating liver was obtained from rats by re- 

moving the median and left lateral lobes of the liver under ether anesthesia, 
according to the method of Higgins and Anderson (11). This tissue was 

frozen and stored for analysis as controls. At 24 and 48 hour intervals 

after the operation, the regenerated tissue was removed. 

The frozen tissues were weighed and homogenized in a volume of ice- 

cold 0.6 N perchloric acid equal to 3 or 4 times the weight of the tissue, 

The homogenate was centrifuged for 30 minutes at 0-2° and 17,500 r.p.m. 

in the International model PR-1 centrifuge (rotor No. 291). The super- 

natant fluid was removed and neutralized to pH 7 with concentrated 

potassium hydroxide. Potassium perchlorate was removed by cooling 

to 0-2° and filtering. 

Determination of Deoxyribosyl Compounds—The tissue extracts were 

assayed for their content of deoxyribosyl compounds according to a modi- 

fication (2) of the method of Hoff-Jgrgensen (10), with use of L. acidophilus 

R-26 (ATTC 11506). The deoxynucleoside content of the extracts was 

determined by assaying the effluent obtained by passing 3 ml. of the tissue 

extract through a Dowex 1-formate column, 5.0 X 0.9 cm. (prepared as 

described by Hurlbert et al. (12)), followed by 15 ml. of water. Under these 

conditions the nucleotides were retained on the column. The total de- 

oxynucleoside plus deoxynucleoside monophosphate content of the tissue 

extracts was determined by assaying the extracts directly and the deoxy- 

nucleotide content was calculated by subtracting the nucleoside content. 

In order to determine deoxynucleoside di- or triphosphates micro- 

biologically, it was necessary to convert them to nucleosides or nucleoside 

monophosphates. The following three enzyme preparations were tested 

for this purpose: (1) a solution of lyophilized cobra venom; (2) potato 

apyrase, prepared as described by Lee and Eiler (13); and (3) an intestinal 

phosphatase preparation.? The venom preparation was unsuitable be- 

? Since deoxynucleoside di- and triphosphates are partially converted to a micro- 
biologically active form by autoclaving (9), high values for deoxynucleoside mono- 

phosphate content might be expected to result from autoclaving the tissue extracts 

with the culture medium. All of the extracts examined, with the exception of thy- 

mus, gave the same microbiological activity when sterilized by autoclaving or by 

filtration. The thymus extracts, however, gave higher values for deoxynucleotide 

when autoclaved and were consequently sterilized by filtration. 
* We wish to thank Dr. R. Hilmoe and Dr. L. Heppel for supplying this enzyme 

preparation (No. 3-11-D52; activity, 7650 umoles of phosphorus released per hour at 

cause 

be re 
potat 

consi: 

pH 9 

phat: 

appr 
the ¢ 

M 

tissu 

oxyr 

Wit! 

cent 

cont 

stud 

synt 

in li 

high 

be | 

to « 

if 

tior 

tive 

at 1 

am 

dig 

wh 

ma 

nu 

dec 

((2 
the 

liv 

the 

XUM 



several 

S Were 

stored 

leeding 

der by 

by re- 

thesia, 
1€ Was 

ervals 

of ice- 

tissue, 

r.p.m. 

super- 

trated 

ooling 

Were 

modi- 

philus 

‘S was 

tissue 

red as 

' these 

al de- 

tissue 

leoxy- 

tent.” 

nicro- 

20side 

tested 

Otato 

stinal 

e be- 

micro- 

mono- 

tracts 

f thy- 

or by 

eotide 

zyme 

our at 

J. ROTHERHAM AND W. C. SCHNEIDER 855 

cause of its nucleosidase activity. The intestinal phosphatase, as will 

be reported below, gave higher values for digestible nucleotides than the 

potato enzyme, and was used in most of the work. The digestion mixtures 

consisted of 1 or 2 ml. of the tissue extract, 2 ml. of 0.1 m glycine buffer, 

pH 9, 0.2 ml. of 0.3 m magnesium acetate, and 0.05 ml. of intestinal phos- 

phatase. After incubation for 1 hour at 37°, the digest was adjusted to 

approximately pH 7 and heated at 100° for 10 minutes. Aliquots of 

the digest were assayed microbiologically. 

RESULTS AND DISCUSSION 

Microbiological assay of the acid-soluble fraction of several rat and mouse 

tissues showed that small but variable amounts of all three types of de- 

oxyribosyl compounds were present in all of the tissues studied (Table I). 

With the exception of spleen, thymus, and regenerating rat liver, the con- 

centrations of nucleotides and digestible nucleotides, relative to the 

content of nucleosides, were greater in the case of the malignant tissues 

studied than in normal tissues. Since deoxyribonucleic acid (DNA) 

synthesis normally occurs at a high rate in spleen and thymus but not 

in liver or kidney (14), the data are compatible with the hypothesis that 

high deoxynucleotide levels are characteristic of growing tissues and may 

be closely related to DNA biosynthesis in these tissues. It will, of course, 

be necessary to investigate the turnover rates of the deoxynucleotides 

to determine their significance in DNA synthesis. 

In regenerating liver as compared to normal liver, the relative concentra- 

tion of digestible nucleotides was strikingly increased 24 hours postopera- 

tively. The amounts of deoxynucleotides were also increased in the liver 

at this time but not as markedly as observed previously (4). The higher 

amounts reported earlier may be related to the fact (Table II) that the 

digestible nucleotide content decreased markedly on storage at —20° 

while the deoxynucleoside content increased correspondingly. 

The fact that rat urine contained considerable amounts of deoxyribosyl 

material, most of which was deoxynucleoside, is of interest. The deoxy- 

nucleoside excreted is probably deoxycytidine since it has been shown that 

deoxycytidine accounts for all of the deoxyribosyl material in the blood 

((2), and Table I). The experiments of Hecht and Potter (15) which led 

them to conclude that deoxycytidine was not a precursor of DNA in the 

liver during regeneration should be reevaluated from the standpoint of 

the circulating and excreted deoxynucleoside. 

In order to determine the nature of the digestible deoxynucleotides, 

two types of studies were made. Investigation of the specificity of the 

intestinal phosphatase preparation showed that it exhibited diesterase, 

37° per mg. of protein; prepared from a trypsin digest of intestinal mucosa by an 

unpublished procedure). 
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TaBLe I 

Average Content of Deoryribosyl Compounds in Animal Tissues* 

DEOXYRIBOSYL COMPOUNDS IN TISSUES 

. Increase in 

Species and strain Age Tissue tt 4 Nucleosides oe macleotides 

phates digestiont 

yrs. 

Mouse | C3H 1-2 | Liver 2 0.4 0.2 0.4 
wks. 

- 5-7 = 1 0.8 0.2 0.4 

= 5-7 | Kidney 1 1.4 0.1 0.5 
yrs. 

as 1-2 | Spleen 1 7.1 8.0 7.3 
wks. 

sy 5-7 us 1 | 16.0 9.6 18.0 
as 5-7 | Thymus 1 | 15.0 19.1 19.3 

DBA Thymoma 2 9.6 (8.4- | 6.5 (6.4—- | 7.1 (6.9% 

Dalton 10.8) 6.5) 7.3) 

C3H Adenocarci- 2 4.4 (4.1— | 2.5 (2.4 | 4.4 (3.9% 

noma 4.7) 2.6) 4.8) 

C3HBA 

” Hepatoma 2 1.9 (1.8 | 1.1 4.7 (4.6- 

98/15 2.0) 4.7) 

Rat Sprague- Blood 6 | 11 (10-13) | 1 0 (0-2) 
Dawley 

Sprague- Urine 1 | 29 0 5 
Dawley 

Sprague- Liver 16 9 (6-14) 1 (1-2) 3 (2-5) 
Dawley 

Sprague- Kidney 4 | 14 (12-18) | 1 2 (1-2) 
Dawley 

Sprague- Lung 4 9 (8-9) 2 (1-3) 2 
Dawley 

Sprague- Spleen 4 | 19 (18-19) | 7 (5-9) 2 (1-3) 
Dawley 

Sprague- Thymus 11 | 27 (24-37) |20t (14 36 (25-46) 

Dawley 26) 
Sprague- Regenerating} 8 9 (6-12) 8 (47) 13 (8-21) 
Dawley liver, 24 hr. 

Sprague- Regenerating! 14 | 11 (8-14) 2 (0-4) 8 (1-11) 
Dawley liver, 48 hr. 

Holtzman Novikoff 12 7 (4-10) 5 (2-6) 6 (3-8) 
hepatoma 

* Expressed as micrograms of thymidine per gm. of frozen tissue or per ml. of 

urine. The numbers in parentheses indicate ranges. 
tT Intestinal phosphatase. 

t All tissue extracts were sterilized by autoclaving with the exception of the 

extracts of thymus which were sterilized by filtration through an ultrafine fritted 
glass filter. 
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adenosinetriphosphatase, and diphosphopyridine nucleotidase activities 

in addition to its phosphomonoesterase activity. The digestible nucleo- 

tides could thus consist of compounds other than the nucleoside poly- 
phosphates isolated by Potter et al. (1, 5) and LePage (7). This was also 

TABLE II 

Changes in Content of Deozyribosyl Compounds during Storage of 24 Hour 

Regenerating Liver at —20°* 

No. of days stored Nucleosides a... J = — 

2 10.4 5.6 10.1 

22 13.9 i 2.7 

49 17.6 4.5 1.2 

* Expressed as micrograms of thymidine per gm. of frozen tissue. 

TaBLe III 

Tissue Content of Digestible Deorynucleotides Determined after Intestinal Phosphatase 
or Potato Apyrase Digestion* 

Species and tissue Bn ol Potato apyrase 

Mouse Liver 0.4 0.1 

Spleen 18.0 9.1 
Thymus 19.3 10.0 

Kidney 0.5 0.1 
Thymoma Dalton ee | A 

Adenocarcinoma C3HBA 4.4 1.0 

Hepatoma 98/15 4.7 0.6 

Rat Lung 1.9 0.6 

Spleen 7.2 2.4 
Thymus 35.9 27.4 

Regenerating liver, 48 hr. 7.0 1.0 
| Novikoff hepatoma 10.8 2.4 

* Expressed as micrograms of thymidine per gm. of frozen tissue. 

indicated by experiments in which the amounts of digestible nucleotides 
were determined with either intestinal phosphatase or potato apyrase. 

The results (Table III) show that larger amounts of digestible deoxy- 

nucleotides were consistently obtained after phosphatase digestion than 

after apyrase digestion. Two compounds that are attacked by diphos- 

phopyridine nucleotidase, but not by the apyrase, are deoxycytidine 

diphosphoethanolamine and deoxycytidine diphosphocholine. These 

compounds have been isolated from extracts of thymus (6) and Arbacia 
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eggs (8), respectively. We have independently isolated from the Novikoff 

hepatoma a compound which is similar in some respects to deoxycytidine 

diphosphoethanolamine. This compound appears to account for about 25 

per cent of the hepatoma digestible deoxynucleotide and will be described 

in a subsequent report. 

SUMMARY 

The concentrations of deoxynucleosides, deoxynucleoside monophos- 

phates, and “digestible” deoxynucleotides in tissues were determined for g 

number of normal and malignant tissues of the rat and mouse. The 

designation, “digestible” deoxynucleotides, refers to nucleotides which 

require enzymatic digestion for conversion to nucleotide monophosphates 

or nucleosides. It appears that, with some exceptions, the levels of the 

nucleotides and digestible nucleotides are higher in malignant than in 

normal tissue, relative to the concentration of nucleosides, and are relatively 

higher in regenerating liver, 24 hours postoperatively, than in the controls. 

The data suggest that this difference may be characteristic of growing 

tissue. 
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(Received for publication, January 2, 1958) 

Although several values for tissue phosphoglucomutase activites are re- 

corded in the literature, such determinations have been performed without 

the addition of the coenzyme, a-glucose 1,6-diphosphate (1-3), and occa- 

sionally without explicit designation of the optimal concentrations of either 

or both of the known activators, Mg++ and amino acid (2, 3). Although 

some of these latter factors have been previously considered (4), the present 

paper is concerned with the extent to which added coenzyme influences 

the mutase activity of tissue homogenates and the conditions under which 

coenzyme and the other activating compounds give maximal phosphoglu- 

comutase activity and hence yield a precise method of assay for this enzyme 

in tissue. 

EXPERIMENTAL 

Whole liver or samples of the gastrocnemius muscle of the rat were 

homogenized immediately after removal in a Waring blendor in the cold 

room with 50 to 100 volumes of distilled water. Human tissue was re- 

moved at autopsy or biopsy, placed into the deep freeze, and homogenized 

within 1 to 5 days. Further dilutions were made as required for specific 

experiments. Crystalline phosphoglucomutase was prepared from rabbit 

muscle according to Najjar’s method (5), dissolved in 0.15 m acetate buffer 

at pH 5, and kept in the deep freeze. The protein concentration was 6.7 

mg. per cc. Two preparations of the coenzyme, a-glucose 1,6-diphosphate, 

were used in the present work.! The first was prepared by Posternak (6) 

and obtained by us in November, 1949, through the courtesy of Dr. E. W. 

Sutherland. The second preparation was obtained in June, 1956, from 
Dr. L. F. Leloir through the late Dr. E. 8. G. Barron. These are desig- 

* This work has been supported in part by American Cancer Society grants, No. 

T-2 and No. T-18 and by grant No. DRG-332B from the Damon Runyon Memorial 

Fund for Cancer Research. 
1 The coenzyme preparations were dissolved to make solutions of the order of 1 

to2 X 10-4 M, and further dilutions were made as necessary. Several experiments 
in which aliquots of the dissolved coenzyme were treated with Na2SO, to remove the 

Ba showed no significant differences between the dissolved Ba salt and the converted 

coenzyme with regard to the degree of activation of crystalline or liver homogenate 

phosphoglucomutase. 
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860 TISSUE PHOSPHOGLUCOMUTASE ACTIVITY 

nated in the text and in Tables I to IV as Preparations P and L, respec. 
tively. 

Phosphoglucomutase activity was measured by the conversion of the 

acid-labile phosphorus of glucose 1-phosphate (G-1-P) into the acid-stable 

phosphorus of glucose 6-phosphate (G-6-P) in accordance with methods 
previously described (4, 7, 8). 0.5 cc. of tissue homogenate, or appropri- 
ate dilution of the crystalline enzyme, was added to 0.5 cc. of 0.025  glu- 

cose 1-phosphate (dipotassium salt, Schwarz) adjusted to pH 7.6 + 0.05, 

1.0 cc. of 0.1 m tris(hydroxymethyl)aminomethane buffer (Matheson) at 

pH 7.5, and 0.5 cc. of solutions of other compounds, as noted in connection 
with specific experiments. The final concentration of substrate was 0.005 

M, equivalent to the formation of 155 y of G-6-P phosphorus per ce. of 

the reaction mixture. The temperature of the reaction was 37°. 

Results 

Effect of Mg++ and Amino Acid—Table I shows a typical experiment in 

which the addition of 0.6 X 10-* to 1.2 X 10-* m Mg** provided the opti- 
mal concentration for activity of tissue phosphoglucomutase at optimal pH 

and in the presence of 2 X 10-* Mm L-histidine or 8 X 10-* m L-cysteine and 

of coenzyme. Added concentrations of 2.6 X 10-* m Mg** or higher 

caused inhibition. The range, 0.6 X 10-* to 1.2 X 10-* m Mg*-, was also 

found to be optimal for human muscle homogenate. The concentrations 

of t-histidine and L-cysteine necessary for optimal activity of rat liver 

homogenates were, respectively, 2 X 10-? and 8 X 10-*m (Table II). The 

optimal concentrations of Mg** and amino acids were slightly less than 

those required for optimal activation of crystalline phosphoglucomutase 

(5, 7,9). The ratio of the optimal activity in the presence of histidine to 

that in the presence of cysteine was 0.76, essentially the same as that re- 

ported for crystalline phosphoglucomutase (10). 

Effect of pH and Concentration of Tissue Homogenate on Phosphogluco- 

mutase Activity—The pH necessary for optimal activity of rat liver homog- 

enates in the presence of 1.2 X 10-*m Mg*+, 2 X 10°? m histidine, and 1.2 x 

10-* m a-glucose 1,6 diphosphate was found to be, as in the case of rabbit 

muscle extracts (8) and crystalline preparations of phosphoglucomutase, 

between pH 7.5 and 7.6 (5, 9). The time-course of the reaction in liver 

homogenates, in the presence of added Mgt* and amino acid and with or 

without added coenzyme, was of zero order for about the first 70 per cent 

conversion of the substrate, as has also been observed with crystalline 

preparations of the enzyme (5,7). When the substrate change during the 

zero order portion of the reaction was used as a measure of reaction ve- 

locity, the enzyme activity was directly proportional to the concentration 

of homogenate in the presence of optimal concentrations of activating amino 

acid 

cent 

phat 

are | 
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respec- seid and Mg** and either in the presence or absence of an added final con- 

centration of 1.2 X 10-* m a-glucose 1,6-diphosphate (Fig. 1). 
of the 
-Stable Tas.e I 

ethods Effect of Magnesium on Phosphoglucomutase Activity of 

propri- Rat Liver Homogenates 

M glu- Final concentrations of liver homogenate, 1:500; of added a-glucose 1,6-diphos- 
. 0.05, phate (Preparation P), 1.2 X 10-* M; time of reaction, 30 minutes. Other conditions 

on) at are as stated in the text. 

ection Rate of formation of G-6-P phosphorus in presence of 

3 0.005 Added concentration of Mg*+ 

ce. of | 2 X 10 m t-histidine 8 X 10°? mu L-cysteine 

mM y per cc. ¥ per cc. 

0.0 12 19 

0.6 51 71 

: 1.2 56 69 

ne 2.4 40 58 
4.8 26 36 

nal pH 

ne and 
higher Tase II 

as also Effect of t-Histidine and t-Cysteine on Phosphoglucomutase Activity of 
ations Rat Liver Homogenates 

+ lever Final concentrations of liver homogenate, 1:625; of added Mg**, 1.2 xX 10-3 M; of 

added a-glucose 1,6-diphosphate (Preparation P), 1.2 X 10-*m. Time of reaction, 

nr 30 minutes. Other conditions are as stated in the text. 

Be , ; : Rate of formation of G-6-P phosphorus in presence of 

- Added concentration of amino acid 

ine to t-Histidine L-Cysteine 

iat re- 
mM ¥ per cc. ¥ per cc. 

0 0 0 
gluco- 2 15 21 
omog- 4 20 51 

1.2 X 8 33 62 

rabbit 10 38 61 
utase, 20 47 59 

| liver ” = “ 

ith or 

r cent Influence of Concentration of Coenzyme, a-Glucose 1,6-Diphosphate, on 

‘alline Tissue Phosphoglucomutase Activity—Sutherland and his associates (11) 

ig the indicated that a final concentration of about 2.0 X 10-* m a-glucose 1,6- 

m ve- diphosphate produced maximal activation of crystalline rabbit muscle phos- 

ration phoglucomutase in the presence of optimal concentrations of Mgt* and 

umino aminoacid. Cardini et al. (12) found that at 0.8 X 10-* mole of coenzyme 
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in 0.3 cc. of reaction mixture, or a concentration of 2.7 K 10-® M, the ve. 

locities were approaching but had not attained a maximum. In the present 

study, several preliminary experiments on human serum and rat liver and | 

human muscle homogenates showed that the reaction velocities did not 

reach a maximal value at concentrations as high as 6 X 10-* Mm to 8 x 

10-* m of Preparation P of coenzyme. Because of the possibility that co- 

enzyme was being destroyed by the serum or tissue, its effect was reevalu- 

ated on crystalline phosphoglucomutase. In several series of experiments, 

with concentrations of enzyme protein ranging from 0.9 to 4.4 y per ce. of 

the reaction mixture and final added concentrations of 1.2 XK 10-* mM Mg+ 
and 8 X 10-* M cysteine, maximal reaction velocities were virtually reached 

at added concentrations above 10 X 10-* m with the Preparation P and 

above 4 X 10-* m with the more recently obtained Preparation L of co- 

enzyme. Extrapolation of the reaction velocity-coenzyme concentration 

curves to zero reaction velocity showed that the substrate, G-1-P, contrib- 

uted about 0.3  10~-* m coenzyme concentration. The findings that the 

Preparation P of coenzyme was considerably less active than Preparation 

L and that much higher concentrations were necessary for activation of 

crystalline phosphoglucomutase than had been reported in 1949, indicated 

that Preparation P, though kept in the refrigerator and deep freeze, had 

lost activity during the intervening years. 

The necessity for using high concentrations of the coenzyme prepara- 

tions to attain maximal activity and the general scarcity of this compound 

made it desirable to devise a method for calculating reaction velocity at 

infinite coenzyme concentration from determinations at relatively low co- 

enzyme concentrations. The relationship between enzyme reaction veloc- 

ity and coenzyme concentration, K = [(¥max — v)/v] X ¢, proposed by 

Sutherland and coworkers (11), may be transformed into a linear form, 

1/v = K/Umax X 1/c + 1/vmax, Where v is the reaction velocity at coenzyme 

concentration, c. The reaction velocities obtained in several series of ex- 

periments with varying dilutions of crystalline phosphoglucomutase and 

varying concentrations of coenzyme were converted to a common basis, 

the amount of G-6-P phosphorus formed per cc. of the reaction mixture in 

5 minutes by an enzyme concentration of 1.3 y of enzyme protein per ce. 

of the reaction mixture. The reciprocals of these velocities were plotted 

against the reciprocals of the coenzyme concentration (Fig. 2). The re- 

sults yielded a straight line in agreement with the formulation of Suther- 

land and associates (11). Although the slopes of the lines for Preparations 

P and L were different, the intercepts at 1/c = 0 were the same, namely 

1/v X 10° = 17. This method of plotting enables the calculation of max- 

imal reaction velocity at infinite coenzyme concentration, and this value 

is independent of the particular preparation of coenzyme employed. 
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Assay of Tissue Phosphoglucomutase Activity—The determination of this 

enzyme activity in homogenates in the absence of added coenzyme may 

reflect variability in the coenzyme content of the tissue (12) and substrate 

(11). The determination of the activity at infinite coenzyme concentra- 

tion, and at optimal concentrations of Mg** and amino acid, provides a 

standard condition for the measurement of the enzyme concentration in 

tissue. When the reciprocals of the velocities obtained with homogenates 

7 T 

Pi f zyme a “P” Prepn. of Coen J 

= roo} 
o 

S eo} : ’ 
$ > 60} J = 0 ' ; 
°o yn = aol ; ] 60b L’ Prepn. of Coenzyme 

3 20 7 40-r © . 7 

re) 1 1 1 L 20 -* 4 

20 40 ' 

CONCENTRATION OF ° i020 30 
HOMOGENATE ie 
Fia. 1 Fia. 2 

Fig. 1. Direct proportionality between velocity, expressed as micrograms of 

G-6-P phosphorus formed per cc. of the reaction mixture, and concentration of rat 

liver, expressed as mg. of tissue per cc. of the reaction mixture. Final concentra- 

tions of added Mg**t, 1.2 X 107? m; of added cysteine, 8 X 10-* m; and of added 

a-glucose 1,6 diphosphate, 1.2 X 10-° m. Temperature, 37°; pH in optimal range, 

7.5 to 7.6. 
Fig. 2. Reciprocal plot of the effect of the concentration of coenzyme, a-glucose 

1,6-diphosphate, on crystalline phosphoglucomutase activity. As noted in the 
text, P refers to the Posternak preparation of coenzyme and L to the Leloir prepara- 

tion. Velocity (v) is expressed as mg. of G-6-P phosphorus formed in 5 minutes per 

ce. of the reaction mixture. The concentration of coenzyme (c) is expressed as mi- 

cromoles per liter of the reaction mixture. Final concentrations of Mg*t*, 1.2 X 

10-* M; of L-cysteine, 8 X 10-?m. Temperature, 37°; pH in optimal range, 7.5 to 7.6. 

of liver and muscle were plotted against the reciprocals of the coenzyme 

concentrations, straight line relationships also resulted, in agreement with 

the equation, 1/v = K/tmax K 1/¢e + 1/vmax. Although the slope might 

occasionally differ, depending upon whether c represented the concentra- 

tion of coenzyme added to the reaction mixture or the sum of that added 
and the concentrations in substrate and tissue, the intercept on the axis 

of ordinates, namely the value for 1/vmex and therefore vmax, Was not af- 

fected. 

In accordance with the preceding considerations, the determination of 

the reaction velocities at two relatively low concentrations of coenzyme 

preparation, the drawing of a straight line through the corresponding co- 
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ordinates, and the determination of the intercept on the axis of ordinates | 

at 1/c = 0, permit the estimation of maximal phosphoglucomutase activity 

in tissues. Table IIT shows the application of this procedure to the deter- 

mination of this enzyme activity in rat liver and skeletal muscle. The 

average of ratios of activity with histidine to those with cysteine was 0.75, 
The values obtained in the presence of L-histidine multiplied by 1.33 were 

therefore equivalent to values obtainable with L-cysteine. The activities 

TaBLeE III 

Determination of Phosphoglucomutase Activity of Rat Liver and Muscle* 

Final concentrations of added Mg**, 1.2 X 10-* M; of added L-cysteine, 8 X 10-3 

M. Preparation P of coenzyme was employed; pH, 7.5 to 7.6; time of reaction, 0.5 
hour; temperature, 37°. Male animals were used. 

G-6-P phosph f d : dded 
Concentration “Selgus commien ae — pe phosphors 

Tissue of tissue per cc. thr b Pee in 
reaction mixture : the mg. 

1.2 um 2.0 uM «© (Calculated) 

mg. 7 Y 7 a mg. 7 

Liver 1 1.6 60 76 111 14.0 

- 2 1.6 64 85 194 24.0 

~ a 1.6 34 52 166 20.7 

a 1.6 64 80 129 16.2 

ane 1.6 53 65 lil 13.8 

Muscle 1 1.16 77 96 152 26.3 

- 2 1.00 59 80 152 30.4 

* Glucose-6-phosphatase activity in the liver homogenates, as manifested by the 
liberation of inorganic phosphate during the reaction, was negligible. The removal 
of glucose-6-phosphatase by the procedure of Cori and Schulman (1) was also found 

not to affect the extent of phosphoglucomutase action and hence was not employed 
in the above analyses. 

were finally calculated as the mg. of phosphorus in G-1-P converted to 

G-6-P by 100 mg. of liver in 1 hour. 

Comparison of the values for phosphoglucomutase activities obtained by 

the procedure described in this paper with those in the literature is difficult 

because there are so few previously recorded values on similar tissues. 

Dreyfus and Schapira (2), by employing a reaction mixture containing 

final concentrations of 0.005 m G-1-P, 0.025 m added cysteine, and 1.5 X 

10-* m added Mg** but no added coenzyme, found the mutase activity of 

four control human muscle specimens to range from 13 to 17.5 mg. of P 

and to average 15 mg. of P transformed from G-1-P into G-6-P in 15 min- 

utes at 37° per gm. of human muscle. This is equivalent to a change of 

6.0 mg. of P in 1 hour by 100 mg. of tissue at 37°, the units used in the 

pres 

yses 

was 

the | 

nine 

the 

nica 

col 

otl 

act 

ste 

co 

en 



inates | 

tivity 

deter- 

The 

3 0.75. 

3 were 

ivities 

J 

xX lr 

on, 0.5 

sphorus 
r cc. in 
00 mg. 
e | 

me NY SN N OS OS 

by the 
moval 

found 

ployed 

ed to 

ed by 

fficult 

ssues. 

Lining 

1.5 X 

ity of 

of P 

) min- 

ige of 

n the 

O. BODANSKY 865 

present study. Table IV shows that the average of values from our anal- 

yses on muscle from two patients with cancer and one with chronic myositis 

was about 16 mg. of P. These values were two to three times as high as 

the control values reported by Dreyfus and Schapira (2) and about six to 

nine times as high as those from patients with various muscular diseases. 

The author wishes to thank Dr. Marie N. Lipsett for the preparation of 

the crystalline phosphoglucomutase and Mrs. Joyce London for her tech- 

nical assistance. 

TaBLE IV 

Determination of Phosphoglucomutase Activity of Human Muscle 

Final concentrations of added Mgt‘, 1.2 X 10-* m; of added amino acid, 8 X 107? 

M L-cysteine, or 2 X 10-* M t-histidine; time of reaction, 1.0 hour; temperature, 37°; 

Preparation P of coenzyme. 

| Concentra. CSP Peocnayme concentration of |" | G-6-P phos. 
— |tissue per cc. Amino acid per cc. in 1 hr. 

‘mixture Ome | 12 | 20ue | © (Cab a + : ; culated) 

mg. Y Y 7 mg. 

1 1.0 L-Cysteine 49 66 139 13.9 

2 0.8 L-Histidine 38 78 93T 128 21.3 

3 0.8 7 24 39 51f 85 14.1 

*These values represent activities at optimal L-cysteine concentration; the 

activities of Specimens 2 and 3, obtained with L-histidine, were multiplied by 1.33. 
+ These values were interpolated from velocity-coenzyme concentrations curves. 

SUMMARY 

A method is proposed for the assay of phosphoglucomutase activity in 

tissue based on the determination of this enzyme activity in homogenates 

at 37°, at an optimal pH of 7.5 to 7.6, optimal concentrations of 1.2 x 10-* 

mM added Mg**, of 8 X 10-* m added L-cysteine, and at a calculated infinite 

concentration of the coenzyme, a-glucose 1,6-diphosphate. The optimal 

concentrations of Mg++ and t-cysteine should be confirmed for tissues 

other than those noted in the present paper. 

The addition of coenzyme increases considerably the phosphoglucomutase 

activity of tissue homogenates. The determination of the reaction ve- 

locity at a calculated, infinite concentration of the coenzyme provides a 

standardized condition for the assay, is independent of the purity of the 

coenzyme preparation, and obviates the use of the large amounts of co- 

enzyme, at present in short supply, that would actually be needed to elicit 

maximal phosphoglucomutase activity in tissue assays. 
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38). 
It has often been reported that a-amylases become increasingly un- 

stable in the course of purification (2-4). Thus, Meyer et al. noted that 

partially purified solutions of amylase from hog pancreas could lose up to 

RE 75 per cent of activity in 24 hours at 0° and 80 per cent in 0.5 hour when 

kept at room temperature, and that the rate of inactivation was increased 

by dialysis. The inactive material could be crystallized and was shown to 

consist of breakdown products of the original enzyme (5). Stabilization of 

hog pancreas amylase was achieved by addition of a boiled amylase solu- 

tion, and this made possible the final purification and crystallization of the 

active enzyme (3), which proved to be quite stable after two additional 

crystallizations (6). 

To explain these observations, it was proposed (3, 5) that (a) a-amylases 

could undergo a reversible dissociation into an inactive apoenzyme and a 

dialyzable, thermostable cofactor, presumed to be present in the boiled 

amylase solution; (b) in a second reaction, the free apoenzyme could be 

broken down by traces of proteolytic contaminants which are carried along 

in the preparation, at least until the enzyme is crystallized; (c) addition 

of the cofactor to the apoenzyme could prevent its proteolysis, presumably 

by reforming the resistant, active holoenzyme. These reactions were rep- 
resented as follows 

Chem., 

Active enzyme — apoenzyme + cofactor 

L proteolysis 
breakdown products 

Although the nature of the stabilizing factor present in boiled amylase 
solutions was never clearly established, this material was shown to con- 

tain small amounts of Ca++. Further investigations indicated that the 

addition of Ca++ salts alone, at various stages of the purification, could 

result in an appreciable stabilization of the enzyme (7), whereas sequester- 

ing agents, in contrast, caused a rapid inactivation. These studies were 

* A preliminary report of this work was presented before the Forty-eighth annual 

meeting of the American Society of Biological Chemists at Chicago, Apr. 15-19, 1957 
(1). 

+ Research Fellow of the Swiss Foundation for Fellowships in the Field of Chemis- 
try. 
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extended by other investigators to amylases from bacterial and mold 

origin ; their results showed that calcium is involved in the protection of the 

enzyme from denaturation and proteolytic degradation (8-10). 

The purpose of the present work was to determine the circumstances 
under which amylases can resist proteolysis. This is of obvious importance 
in view of the fact that in many cases these enzymes are required to fune- 
tion physiologically in the presence of high concentrations of proteases 

(pancreatic juice, bacterial and mold cultures, etc.). In order to determine 

whether the effects observed are general attributes of a-amylases, this 

study was carried out on crystalline a-amylases from widely different ori- 

gin; namely, human saliva, swine pancreas, Bacillus subtilis, and Asper- 

gillus oryzae. 

EXPERIMENTAL 

Materials and Methods 

Unless otherwise stated, a-amylases from human saliva, hog pancreas, 

B. subtilis, and A. oryzae were purified and crystallized according to es- 

tablished procedures (7). Trypsin was purchased from the Worthington 

Biochemical Corporation, Freehold, New Jersey, as a twice crystallized 

material containing approximately 50 per cent MgSO,. a-Chymotrypsin 

was a three times crystallized preparation kindly made available by Dr. 

Hans Neurath. Both proteases were dialyzed overnight in the cold against 

dilute HCl, pH 3.0, before use. Soy bean trypsin inhibitor was purchased 

from the Worthington Biochemical Corporation and was used as a solution 
in GP! buffer, pH 7.5. 

The concentration of the enzymes was determined by ultraviolet ab- 

sorption spectra (Beckman DU spectrophotometer), the following values 

being used for 1 per cent solutions of protein: Eis)" = 26 for human sa- 
liva and hog pancreas a-amylases, 25 for B. subtilis a-amylase, and 20 

for A. oryzae a-amylase as determined in this laboratory, 14.4 for trypsin 

(11), and 20 for chymotrypsin (12). For the calculation of molar ratios 

between the various components of the systems studied, the following 

molecular weights were used: 50,000 for the amylases, 23,000 for trypsin, 

25,000 for chymotrypsin, and 18,000 for soy bean trypsin inhibitor. 

DFP was synthesized according to the procedure of Saunders and Stacey 

(13), and 10 m and 10~ stock solutions were prepared in dry isopropanol. 

EDTA (Baker Chemical Company) and all other chemicals were reagent 

grade. Disodium glycerophosphate (lot No. 644, Eastman Organic Chem- 

1The following abbreviations are used in this paper: EDTA, sodium ethylene- 
diaminetetraacetate; DFP, diisopropylphosphofluoridate; GP, sodium glycerophos- 
phate. 
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icals Department, Division of the Eastman Kodak Company) was used in 

preparing the buffers. 

Determination of Enzyme Activity 

a-Amylases were determined according to a modification of the dinitro- 
salicylic acid method (14, 15). 

Substrate—1 per cent solution of soluble starch (Noredux Standard pur- 

chased from B. Siegfried and Company, Zofingen, Switzerland) is made 

in a 0.02 m GP-HCl buffer, pH 6.9 (optimal for human and hog amylases) 
or pH 5.7 (optimal for B. subtilis and A. oryzae amylases). 

Stopping Reagent—An alkaline solution of dinitrosalicylic acid is pre- 

pared as follows: 20 gm. of 3,5-dinitrosalicylic acid (lot No. 1802, East- 

man Organic Chemicals Department, Division of the Eastman Kodak 
Company) are suspended in approximately 400 ml. of water; add dropwise 

and under efficient stirring a solution of 32 gm. of NaOH in 300 ml. of 

water, and, if necessary, gently heat on the water bath until a clear solution 

is obtained ; then add 600 gm. of Rochelle salt in small portions and water 

to a final volume of 2000 ml. Filter the solution through a large coarse 

sintered glass filter and store at room temperature in the dark. It is stable 

for at least 6 months. 

Assay—Add 1 ml. of the substrate solution to 1 ml. of an enzyme solu- 
tion diluted in 0.002 m GP-HCl buffer at the same pH as the substrate. 

After exactly 3 minutes incubation at 25°, add 2.0 ml. of the stopping 

reagent, place the tube in boiling water for 5 minutes, cool, and dilute the 

reaction mixture with 20 ml. of water. The tube is read in a Klett-Sum- 

merson photoelectric colorimeter with use of the green filter No. 54. The 

extinction value is converted to mg. of maltose from a standard curve es- 

tablished with p-(+)-maltose hydrate. Best results are obtained when 

1.0 + 0.5 mg. of maltose are produced during the reaction, corresponding 

to the use of 0.5 to 3.0 y of the various amylases in the assay system. 

When the system contains added proteases, the first dilution (1:100) is 

made at 0°. 
Trypsin and chymotrypsin activities were measured by titrating at con- 

stant pH the hydrogen ions released during hydrolysis of benzoyl-L-argi- 

nine ethyl ester (16, 17) and acetyl-L-tyrosine ethyl] ester (18), respectively. 

The casein digestion method of Kunitz (19) was also used. 

Results 

Stability of Crystalline a-Amylases in Presence of EDTA—The stability 

of a-amylases in the presence of EDTA varies greatly according to their 

origin. Whereas a-amylases from human saliva and A. oryzae are remark- 
ably stable, the enzymes from hog pancreas and B. subtilis undergo rapid 
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inactivation in the presence of the chelating agent (Fig. 1). Light scat. 

tering’ and ultracentrifugal studies indicate that the loss of activity of the| 
latter two amylases is paralleled by a breakdown of their molecules. Whee, | 
however, these two enzymes are incubated with DFP before the addition 
of EDTA, the breakdown is considerably retarded. As shown in Fig. 2 

for the pancreatic amylase, this effect of DFP can be produced by soy bean 

trypsin inhibitor as well. These results indicate that inactivation of a-am- 

100 
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‘@) + 7 T — 
I = 3 4 5 6 7 

INCUBATION TIME IN HOURS 

Fig. 1. Stability towards EDTA of crystalline a-amylases purified according to 

established procedures. 0.02 mM GP buffer, 0.005 mM EDTA, pH 7.2, 25°. Molar ratio, 

EDTA to amylase = 100:1. a-Amylases studied were as follows: Curve A, human 

saliva (7); Curve B, A. oryzae (7); Curve C, B. subtilis, prepared by the Enzyme 

Manufacturing Plant of Nagase and Company, Ltd., Amagasaki, Japan; Curve D, 

B. subtilis (7); Curve E, hog pancreas (7); Curve F, hog pancreas prepared by the 

Worthington Biochemical Corporation, Freehold, New Jersey, according to the 
method of Caldwell et al. (20). 

ylases under the above conditions is the result of a proteolytic attack, dis- 

proving earlier beliefs (6, 20) that a-amylases could be entirely freed from 

proteolytic activity merely by means of repeated crystallizations. The 

participation of proteolytic enzymes to the observed inactivations was con- 

firmed in an experiment in which stable, DFP-treated pancreatic amylase 

was used. The excess DFP was removed by dialysis and the stability of 

this sample towards EDTA was studied in the presence of varying amounts 

of crystalline trypsin (as will be seen below, this a-amylase is fully stable 

towards trypsin in the absence of EDTA). Contamination of amylase 

by a fraction of a per cent of trypsin sufficed to bring about an inactiva- 

tion comparable to that observed before the DFP treatment. In view of 

the marked difference in reactivity of soy bean trypsin inhibitor and DFP 

* We are indebted to Dr. W. B. Dandliker and Dr. J. Kraut for this study. | 
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towards trypsin and chymotrypsin (21-24), the results (Fig. 2) suggest 

that both proteases are present as contaminants in hog pancreas amylase. 

Prolonged treatment with 10-* m DFP alone is apparently not sufficient 

to inhibit quantitatively the proteolytic activity retained by purified sam- 

ples of this amylase. 
Action of Metal-Binding Agents and of Proteolytic Enzymes on DFP- 

Treated Amylases—a-Amylases were isolated in the presence of 10~*m DFP, 

which was added throughout the purifications and recrystallizations. The 

100 - 

80 + 

60 - 

PERCENT ACTIVITY 

1 2 3 4 §& 6 
INCUBATION TIME IN HOURS 

Fic. 2. Effect of protease inhibitors on the stability of hog pancreas amylase 

towards EDTA. The concentration of reactants was as follows: 1.6 mg. of amylase 
per ml.; 0.04 m phosphate buffer, pH 7.0; 10-2 mM EDTA, 10-8 m DFP; 0.25 mg. of soy 
bean trypsin inhibitor per ml. The amylase aliquots were preincubated for 24 hours 

with the protease inhibitor before the addition of EDTA, and were fully stable in the 

absence of the metal chelate. Protease inhibitor added: Curve A, none; Curve B, 

soy bean trypsin inhibitor; Curve C, DFP; Curve D, soy bean trypsin inhibitor plus 

DFP. 

stability of these freshly prepared samples was investigated in the presence 

of EDTA, trypsin (or chymotrypsin), and mixtures of both. EDTA was 

mainly used in this study, as other metal-binding agents (citrate, o-phe- 

nanthroline, 2,2’-bipyridine, diethyldithiocarbamate, 8-hydroxy-5-quinoline 

sulfonate) were found to be much less effective. It was assumed that the 

sole effect of EDTA on a-amylases is the binding of divalent metal ions 

present in the enzyme molecule (1), and that ali other transformations that 

may take place result from this primary action. 

All four amylases were found to be remarkably stable in the presence of 

EDTA (Fig. 3, Curves B); from pH 6.0 to 7.5, 25°, the human, bacterial, 

and mold amylases lost no more than 1 per cent activity per hour when 

incubated in a 0.5 per cent solution with 0.005 m EDTA, whereas the hog 
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enzyme, depending on the previous history of the sample, could lose as 

much as 10 per cent activity per hour (as indicated in Fig. 2, this amylase 

can be rendered more stable by addition of soy bean trypsin inhibitor). It 

should be noted, however, that the general stability range of amylases jg 

considerably narrowed in the presence of metal-binding agents, and if the 

above experiments are repeated at more acidic or basic pH levels, or at 

higher temperatures,’ the enzymes undergo non-enzymatic denaturation. 
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Fig. 3. Action of EDTA and proteases on a-amylases purified in the presence of 
DFP. The samples were incubated with trypsin (Curve A), EDTA (Curve B), and 

trypsin plus EDTA (Curve C), in 0.02 m GP buffer, pH 7.5, 25°. The concentration 

of EDTA was 0.002 m and the molar ratios, EDTA to amylase = 100:1, and trypsin 

to amylase = 1:1. Note that the time units in Graphs I and II are in minutes, and 
in Graphs III and IV, in hours. 

Crystalline a-amylases are also remarkably resistant to the action of 

proteases. Determination of this action was, however, limited to measure- 

ments of the loss of amylase activity. Thus, only those changes affecting 

the structure of the active site of the enzyme are recognizable. Amaylases 

from hog pancreas, B. subtilis, and A. oryzae* remain fully active when in- 

cubated for several hours at 25°, pH 7.5, in the presence of large amounts 

* In contrast, at 3°, pH 7.0, a 0.5 per cent solution of B. subtilis a-amylase can be 

dialyzed for at least 120 hours against a continuous supply of 0.005 m EDTA, without 

undergoing any detectable irreversible inactivation. 
4 The resistance of mold a-amylase towards proteases was first noted 20 years ago 

by Akabori and Okahara (25) and led them to support the earlier opinion of Will- 

stitter e¢ al. that amylases were non-protein in nature (26). 
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of crystalline trypsin (Fig. 3, Curves A). Human saliva a-amylase is 

slightly less stable and loses approximately 1.5 per cent activity per hour 

under the same conditions (35 per cent within 24 hours, but none in the 

absence of trypsin). However, this amylase can be rendered completely 

resistant to the action of trypsin merely by adding Ca++ (10-* m) to the 

reaction mixture. 

When a-amylases are incubated with both trypsin and EDTA, a rapid 

loss of activity occurs in most cases, though great variations in rate may 

be observed from one enzyme to the other (Fig. 3, CurvesC). For instance, 
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Fie. 4. Action of EDTA and proteases at 37.5° on A. oryzae a-amylase, purified 
in the presence of DFP. The sample was incubated in 0.005 m phosphate buffer, pH 

7.8, in the presence of trypsin (O), chymotrypsin (@), EDTA (X); EDTA plus tryp- 

sin (0), and EDTA plus chymotrypsin (@). The concentration of EDTA was 0.003 
M, the molar ratios, EDTA to amylase = 40:1, and trypsin (or chymotrypsin) to 

amylase = 0.2:1. 

although mammalian amylases were destroyed within 0.5 hour, no further 

inactivation of the mold enzyme could be observed over that produced by 

EDTA alone. In this latter case, the experiment was repeated at a tem- 

perature (37.5°) whereby A. oryzae amylase undergoes non-enzymatic de- 

naturation due to the presence of EDTA. But here again, no increase in 

the rate of inactivation could be observed when proteases were added to 

the reaction mixture (Fig. 4). The experiments involving bacteria and 

mold amylases (Fig. 3, Graphs III and IV and Fig. 4) were repeated, crys- 

talline chymotrypsin being used instead of trypsin, and essentially iden- 

tical results were obtained. 

Mechanism of Proteolytic Degradation of a-Amylases—The above experi- 

ments clearly indicate that extensive proteolytic degradation of a-amylases 

occurs only through the joint action of a metal-binding agent and protease. 
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It seemed of interest, therefore, to investigate the mechanism of the reag- 

tion in order to obtain some information on the sequence of events leading 
to the breakdown of the protein molecule. To this effect, all four a-amy- 

lases were exposed to the successive action of trypsin and EDTA; charac- 

teristic results are illustrated in Figs. 5 to 7. Fig. 5 (Curves A, B, and () 

shows that a preincubation of amylase with trypsin does not increase the 

rate at which amylase is inactivated by this protease in the presence of 
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Fig. 5. Action of EDTA on a-amylase preincubated with trypsin. Hog pancreas 
amylase was incubated with the various components in 0.01 m GP buffer, pH 7.0, 
18°. Curve A (@), control in which EDTA and trypsin are both added at zero time; 
Curve B (O), amylase preincubated for 60 minutes with trypsin before addition of 
EDTA; Curve C (QO), same as Curve B, but with trypsin inhibited by addition of 

soy bean trypsin inhibitor 10 minutes before addition of EDTA. The concentration 

of EDTA was 0.002 m, the molar ratios, EDTA to amylase = 40:1, trypsin to amyl- 

ase = 0.06:1, and soy bean trypsin inhibitor to trypsin = 3:1. Also illustrated is an 

experiment in which Ca**+ was added to 0.002 m to the amylase solution 10 minutes 
before addition of EDTA and trypsin (Curve D). In this case, the concentration of 
EDTA was 0.004 m, to compensate for the presence of Cat. 

EDTA. A control solution to which soy bean trypsin inhibitor was added 

after incubation with trypsin, but before the addition of EDTA, remained 

perfectly stable. On the other hand, when a-amylases were preincubated 

with EDTA before the addition of trypsin, the initial rate of inactivation 

upon addition of the protease was significantly increased, as can be seen 

by comparing Curves A and B in Fig. 6. If, on the contrary, amylase 

was preincubated with Ca++, and then exposed to the joint action of tryp- 

sin and an excess of EDTA, the rate of inactivation was much reduced 

(Fig. 5, Curve D, as compared to Curve A). Here again, a control solu- 

tion to which divalent metal ions were added after preincubation with 

EDTA, but before the addition of trypsin, remained stable (Fig. 6, Curve 

C); addition of the metal ions during the course of the proteolytic degrada- 
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Fie. 6. Action of trypsin on a-amylase preincubated with EDTA. B. subtilis 
a-amylase was incubated in 0.02 m GP buffer, pH 7.5, 25°. Curve A, no preincuba- 

tion, trypsin and EDTA both being added at zero time; Curve B, amylase preincu- 
bated for 2 hours with EDTA before addition of trypsin; Curve C, same as Curve B, 
but the action of EDTA is neutralized by addition of a 2-fold molar excess of either 
Cat+, Nit+, or Fet+*++ 15 minutes before trypsin is added. The concentration of 

EDTA was 0.002 m, the molar ratios, EDTA to amylase = 100:1, and trypsin to 

amylase = 1:1. 
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Fie. 7. Arrest of the proteolytic breakdown of amylase by divalent metal ions. 

Hog pancreas a-amylase was incubated in 0.02 m GP buffer, pH 7.5, 25°, in the pres- 

ence of a mixture of trypsin and EDTA (Curve B). After amylase had lost 30 per 

cent activity (approximately 3 minutes) Mg**, Ca**, Ba**, and Mn** were added to 
aliquots of the reaction mixture, in a 5-fold molar excess above the concentration of 
EDTA. Initial concentration of EDTA was 0.002 m, molar ratio, EDTA to amyl- 

ase = 100:1, and trypsin to amylase = 1:1. Also shown is a control in which the 

amylase was incubated with trypsin alone, without EDTA (Curve A). 

tion resulted in an immediate arrest of amylase breakdown (Fig. 7). No 

marked specificity could be found in the protective action of divalent ca- 
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tions, as Mg**, Cat+, Ba++, Mn++, and Nit++ were all effective, although | 
not to the same degree. 

The above experiments indicate that trypsin, by itself, can neither initi- 
ate the proteolysis of native amylases, nor affect the metal-binding sites 
on the amylase molecule. Furthermore, they show that the removal of 
metal ions from the amylase molecule is fully reversible, that it constitutes 
a necessary preliminary step to the proteolytic breakdown of the amylases, 

and that it determines the over-all rate of the degradative process. 

DISCUSSION 

As will be shown in a subsequent publication,® all a-amylases investigated 

here contain at least 1 gm. atom of firmly bound calcium per mole. Cal- 

cium stabilizes the secondary and tertiary structures of the protein, and 

extensive proteolytic degradation cannot occur as long as the molecule is 

maintained in the proper configuration by divalent metal linkages. When, 

however, a-amylases are no longer combined with their full complement of 
metal ions, they become exceedingly susceptible to proteolysis. This is 
consistent with the following scheme 

metal-binding 

agent 

Native amylase ‘metal-poor’? amylase® 
(active) Met+ (active) 

L proteases 
breakdown products 

(inactive) 

The EDTA treatment, as described here, provides a sensitive test to 

ascertain the presence of trace amounts of protease contaminants that can- 

not be detected by the usual procedures. Unless special precautions are 

taken to inhibit or eliminate proteolytic contaminants,’ a-amylases obtained 

from sources rich in proteases usually cannot tolerate such treatment with- 

out undergoing rapid destruction. Since there are no indications that pre- 

cautions of this kind have ever been taken, it can be assumed that most 

of the work carried out on hog pancreas and B. subtilis a-amylases, for 

instance, has been performed on contaminated materials. This view is 

substantiated by the poor stability towards EDTA displayed by prepara- 

* In collaboration with Dr. Bert L. Vallee, Peter Bent Brigham Hospital, Harvard 
University, Boston, Massachusetts. 

* Incubation of amylase with sequestering agents under the described conditions 

does not necessarily remove all the bound metal ions. 
7 Short time extraction of the enzymes in the presence of non-ionic surface-active 

agents and purification in the presence of protease inhibitors makes possible the iso- 
lation of pure, undegraded, protease-free a-amylases (W. N. Sumerwell ef al., in 

preparation). 
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tions of these two enzymes purified according to various established pro- 

cedures (see Fig. 1). In contrast, the atypical stability of human saliva 

a-amylase in the presence of EDTA, whether or not purified in the presence 

of protease inhibitors, is believed to result from the fact that this enzyme 

is the only one investigated here that is obtained from a source essentially 

free from proteases.® 

Study of the mechanism of proteolytic degradation of a-amylases shows 

that the rate-limiting factor in the irreversible inactivation of the enzymes 

is the removal of the metal. This would suggest that the stability of the 

various a-amylases towards proteolysis is determined by the number of 

metal ions bound to the enzyme and the strength with which these ions are 

retained. These two factors vary from one amylase to the other, which 

explains the great differences observed in their resistance to the concerted 
action of trypsin and EDTA. Thus, the complete resistance of A. oryzae 

a-amylase to the action of trypsin (or chymotrypsin) in the presence of 

EDTA is attributed to the fact that this amylase binds its metal in such a 

way that it is not removed by the sequestering agent. On the contrary, 

human saliva a-amylase loses activity in the presence of trypsin alone (no 

EDTA), but becomes completely resistant to this protease if calcium ions 

are added to the reaction mixture. The metal-binding ability of mam- 

malian amylases appears to be much weaker than that of the other amylases 

investigated here; a possible explanation of this behavior pertaining to the 

salivary amylase might be found in the fact that this enzyme is not usually 

required to function in a medium rich in proteases. 

The specific binding of metals by proteins is, of course, strongly depen- 

dent on the spatial configuration of the latter. Modifications of the sec- 

ondary or tertiary structure of the protein might result in the easy re- 

lease of metal ions otherwise very strongly held. Conditions leading to 

such modifications (e.g. variations in pH, use of organic solvent, or high 

salt concentrations, etc.) are often encountered during protein fractiona- 

tion. Therefore, the metal content and the stability of crystalline a-amyl- 

ases are certainly dependent on the previous history of the samples under 

investigation (e.g. extraction, purification, and crystallization procedures; 

age, storage conditions, etc.). As reported in Fig. 5 (Curve D), preincu- 

bation of a sample of crystalline hog pancreas amylase with calcium re- 

sulted in a much increased stability towards trypsin, although the pro- 

tease was added together with an appropriate excess of EDTA. This 

§ Fischer and Haselbach (27) have shown that the EDTA-induced inactivation of 

malt a-amylase, purified (28) in the absence of DFP, is essentially reversible; this 

suggests that malt a-amylase is little or not associated with proteases. 

* Recent experiments have shown that A. oryzae amylase retains 1 gm. atom of 
calcium per mole after 150 hours dialysis versus EDTA (to be published). 
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again is evidence for an enzyme partially depleted in metal and justifies, 
the use of calcium as stabilizing agent during the purification of a-amylases, 

The resistance towards proteolytic attack conferred to a-amylases by 

metal ions bound to their molecules explains why these enzymes can per- 

form their physiological function in systems rich in proteases. 

This work was supported by the Initiative 171 Research Fund of the 

State of Washington and by a research grant (No. A941) from the National 

Institutes of Health, United States Public Health Service. 

SUMMARY 

1. Hog pancreas and Bacillus subtilis a-amylases, purified according to 

the usual procedures, are still contaminated by traces of proteases that 

cannot be completely removed by repeated crystallizations. These con- 

taminants catalyze the destruction of amylases when metal-binding agents 

are added. Pure, native a-amylases are stable in the presence of either 

chelating agents or proteases alone. 

2. Study of the mechanism of the proteolytic degradation of a-amylases 

indicates that a necessary preliminary step to this process involves the re- 

lease of divalent metal ions bound to the amylase molecule. 

3. The instability of various a-amylases during purification and their 

resistance to proteolysis is discussed in the light of their respective ability 

to bind divalent cations. 

4. Similar results obtained with a-amylases of human saliva, hog pan- 

creas, B. subtilis, and Aspergillus oryzae suggest that the resistance towards 

proteolytic attack conferred to these enzymes by divalent metal ions is a 

general attribute of a-amylases. 
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THE ENZYMATIC ESTERIFICATION OF VITAMIN A 

By NORMAN I. KRINSKY* 

(From the Biological Laboratories, Harvard University, Cambridge, Massachusetts) 

(Received for publication, January 29, 1958) 

Vitamin A exists in two chemical forms in the body. It is found circu- 
lating in plasma as the free alcohol, but is stored in the liver primarily in 

the ester form. During absorption, vitamin A alcohol, either preformed 

or the product of hydrolysis of vitamin A esters in the lumen of the intes- 

tine, must be esterified in the intestinal wall before it can enter the circula- 

tion (2, 3). In addition to the intestinal wall, several other tissues have 

been reported capable of esterifying vitamin A. These include muscle (3), 
subcutaneous tissue (4), and kidney (5, 6). 

In the eye, vitamin A is found in two tissues. The dark-adapted retina 

contains only traces of vitamin A, but upon exposure to light rhodopsin is 

bleached, liberating retinene, the aldehyde of vitamin A. Under the ac- 

tion of ADH,! retinene is rapidly converted to vitamin A alcohol. This 

series of reactions 

Rhodopsin a aan retinene ST vitamin A alcohol 

can be readily demonstrated in purified systems (7). However, Wald? 

has observed that part of the vitamin A formed during the bleaching of 

isolated retinas is esterified, indicating the presence of an esterifying sys- 

tem in the retina. In addition to the retina, the pigmented layers of the 

eye have been shown to store vitamin A, primarily as the ester (8). 

We have examined the esterification of vitamin A by an enzyme system 

present in eye tissues, the mechanism of the reaction, and its functional 

significance in vision. 

EXPERIMENTAL 

Enzyme Preparations—Fresh cattle eyes were obtained from a local 

slaughterhouse. The retinas were dissected out on ice, bleached, and ly- 

* This work was carried out during the tenure of a United States Public Health 

Service Fellowship and a National Council to Combat Blindness Fellowship. A pre- 
liminary report has appeared (1). 

1The following abbreviations are used: ADH, alcohol dehydrogenase; DPNH, 

DPN, reduced and oxidized diphosphopyridine nucleotide; ATP, ADP, AMP, adeno- 
sine tri-, di- and monophosphate; CoA, coenzyme A. 

* Wald, G., unpublished observations. 
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ophilized overnight. The dried retinas were ground to a fine powder, ex- 

haustively extracted with petroleum ether, and then used directly as the 

enzyme source. Alternatively, the fresh retinal tissue was homogenized 

with 0.25 m sucrose and separated into two fractions by centrifugation at 
105,000 X g. In addition, rod outer limbs were prepared from dark- 
adapted retinas by the procedure described by Wald and Brown (9). 

The other tissues used as enzyme sources were the pigmented layers of 

the eye, which include the pigment epithelium and choroid. Owing to 

the fibrous nature of the choroid, the following fractionation procedure 
was used to isolate the enzyme. The tissues were dissected out on ice 
and homogenized for 2 minutes in a Waring blendor with an equal weight 
of finely chipped ice. After centrifugation for 10 minutes at 1800 x 9, 

the supernatant fluid was decanted and the pigmented residue homogenized 
again for 2 minutes with additional ice. It was centrifuged for 10 min- 

utes at 1800 X g, and the pooled supernatant fractions were centrifuged 
for 20 minutes at 35,000 X g. The red supernatant solution from this 

centrifugation was discarded, and the packed particulate material was re- 

suspended in distilled water by homogenization in a Potter-Elvehjem ho- 
mogenizer. This preparation could be stored for several months in the 
deep freeze with little loss of activity. 

Reagents—The crystalline all-trans vitamin A alcohol used in this study 
was a gift of the Distillation Products Industries, a division of Eastman 

Kodak Company. Vitamin A acetate and palmitate were obtained from 

Hoffmann-La Roche, Inc. ATP, ADP, AMP, DPN, and p-chloromer- 

curibenzoate were obtained from the Sigma Chemical Company, and co- 

enzyme A from the Pabst Laboratories. Petroleum ether was Baker's 

Analyzed reagent, b.p. 30-60°. 
Incubation Mizxture—In order to add vitamin A to lyophilized enzyme 

preparations, it was dissolved in petroleum ether and stirred with the dry, 

powdered tissue. After the solvent had been removed by aspiration, the 

powders were suspended in neutral phosphate buffer. Several methods 

of adding vitamin A to aqueous enzyme preparations were tried. Solu- 

tions of vitamin A in 2 per cent digitonin or 0.1 per cent Tween 80 were 

effective as substrates for the enzyme, but both detergents were subse- 
quently shown to exert an inhibitory action on the enzyme. The method 

finally adopted was to add vitamin A dissolved in a small volume of acetone 

directly to the incubation mixture. The incubations were carried out in 

air at 38°, with either phosphate (pH 7.0) or Veronal-acetate (pH 8.55) 
buffers. 

Extractions—Two methods of extracting vitamin A from the incubation 

mixtures were used. In the first, absolute methanol was added to a final 

concentration of 60 per cent, the precipitated proteins were centrifuged 
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down, and the supernatant fluid was discarded. Anhydrous Na SO, was 

then added to the precipitate; the mixture ground until dry and then thor- 

oughly extracted with petroleum ether. In the other method an equal 
volume of 95 per cent ethyl alcohol was added with swirling to the incuba- 

tion mixture. The vitamin A could then be extracted by shaking with 2 

volumes of petroleum ether, the last step being repeated twice. In either 

ease, the pooled extracts were evaporated to dryness at reduced pressure 

in a warm water bath and taken up in a small volume of petroleum ether 

for chromatography. 

Chromatography—The procedure described by Ganguly et al. (10) was 

followed for separation of the free and esterified forms of vitamin A, except 

that alumina (Merck aluminum oxide, suitable for chromatographic ad- 

sorption) “weakened” by the addition of 5 per cent by weight of distilled 

water was used. 

To identify the type of vitamin A ester formed, the reversed phase chro- 

matographic technique of Brown (11) was used. Vitamin A was located 

by its fluorescence under ultraviolet irradiation and by the blue color 
formed when the paper was sprayed with the Carr-Price reagent. 
Analysis—Vitamin A was determined by the Carr-Price reaction, by 

using E}%,, = 4380 at \max 618 my; 17 seconds after adding the antimony 
trichloride solution. 

Results 

Vitamin A in Cattle Retinas—The state of vitamin A in dark-adapted 
and bleached retinas is shown in Table I. In Experiment 1, retinas from 
dark-adapted eyes were ground with anhydrous NaSO, in dim red light, 

and the resulting dry powder was extracted with petroleum ether in the 

dark. This procedure removes the endogenous vitamin A. and a small 

amount of free retinene, present because eyes of animals obtained at the 

slaughterhouse are not completely dark-adapted. Of the small amount 

of vitamin A present in this extract, about 60 per cent. is esterified. The 

dry powder was then extracted with chloroform, which has been shown to 

bleach rhodopsin and extract the retinene which it contains (12). 

When retinas are bleached by light at room temperature, most of the 

retinene liberated is reduced by ADH to vitamin A within 1 to 2 hours. 

Initially this must be the free alcohol. Yet of the vitamin A produced 

by bleaching retinas either directly in the excised eye (Experiment 2), or 

following isolation of the retina from the remaining tissue (Experiment 3), 

about 60 per cent is esterified. 

A “cell-free” preparation of retinal tissue also can esterify vitamin A. 

Dark-adapted retinas are lyophilized, and any vitamin A present is re- 
moved by extracting with petroleum ether. The residue is moistened with 
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neutral phosphate buffer and bleached. Within the course of 1.5 hours, 
half of the newly formed vitamin A is found as the ester (Experiment 4). 

Similar results are obtained with a rod outer limb preparation from dark- 

adapted retinas (Experiment 5), provided that DPNH and ADH are 

TaBLeE I 

Vitamin A in Tissues and Cell-Free Preparations from Cattle Eyes 

S Vitamin A | 

: Preparation Retinene Total pare et 

3 Alcohol | Ester 

Fs} 

'y ber eyely per eye, -y per eye “s ber cent 

1 | Isolated retinas 

Petroleum ether extract 0.3 | 0.5 0.5 1.3 |62 

CHCl; extract 0.0 | 0.0 5.4 5.4 

Toes occ ec. eae 0.3 | 0.5 5.9 6. " (60-71) 

2 | Excised eyes, retinas bleached in | 2.0 | 3.0 1.5 6.5 |60 (57-60) 
situ 1 hr. | 

3 | Isolated retinas bleached 1.5 hrs. 1.8 | 2.6 | Not deter- |59 (22-90) 

mined 
4 | Lyophilized dark-adapted retinas 

Petroleum ether extract 0.3 | 1.2 0.0 1.5 |80 

Bleached 1.5 hrs. 2.3 | 2.2 0.0 4.5 |46 

peter hry trees Fa peat Ah mma ay tele 2.6 3.4 0.0 6.0 |57 (49-57) 

5t| Lyophilized rod outer limbs 

Petroleum ether extract 0.04 | 0.13 0.03 76 (68-76) 

Bleached 1.5 hrs. in the presence | 0.35 | 0.40 0.07 53 (53-56) 
of DPNH and ADH 

6 | Pigmented layers 0.8 | 5.5 0.5 6.8 |87 (80-93) 

* The range observed in several separate experiments is given in parentheses. 

T The values in Experiment 5 do not represent the actual concentration, since the 
preparation of rod outer limbs was not quantitative. 

added during the bleaching, to facilitate the reduction of retinene to vita- 

min A. 

The above results demonstrate the ability of preparations from retinal 

tissue to esterify their endogenous content of vitamin A. That such prep- 

arations are capable also of esterifying added vitamin A is shown in the 

following experiment. Isolated retinas were exposed to light at room 

temperature for 1 to 2 hours and lyophilized overnight, and the dry powder 
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was extracted with petroleum ether. This extraction removes all the en- 
dogenous vitamin A which had formed during and following bleaching. 
When vitamin A alcohol is added to this preparation, and the mixture 

incubated at 38° with neutral phosphate buffer, vitamin A ester is formed. 

The course of such an experiment is shown in Fig. 1. 
Fractionation of fresh retinal tissue by homogenization in 0.25 m sucrose 

followed by centrifugation for 1 hour at 105,000 X g separates a particulate 
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HOURS 

Fic. 1. The esterification of vitamin A alcohol by a lyophilized, petroleum ether- 

extracted powder from cattle retinas. The samples, containing 156 y of vitamin A 

alcohol and the powder from 1.4 cattle retinas, were incubated at 38° in 0.067 m phos- 
phate buffer, pH 7.0. 

from a soluble supernatant fraction. These fractions, when tested alone, 

have only a slight activity, but when combined carry out a rapid esterifi- 

cation of vitamin A alcohol. The soluble supernatant fraction is heat- 

stable and dialyzable. As shown in Fig. 2, the amount of vitamin A ester 
formed is directly proportional to its concentration. The addition of ATP, 

CoA, cysteine, or palmitic acid had no effect on the retinal esterifying 

system. 

When retinal homogenates are incubated for 1 hour at 38° in neutral 
phosphate buffer, the recovery of added vitamin A varies between 53 and 

80 per cent. The recovery can be made quantitative by the addition of 
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a-tocopherol and the use of a Nz atmosphere. Even when low recoveries 

are observed, there is no difference in the per cent esterification, indicating 

that those processes which destroy vitamin A apply equally to the alcohol 
and ester forms. 

Identification of Ester Formed—The vitamin A ester formed in these iso- 

lated systems was identified by means of reversed phase paper chromatog- 

raphy, vitamin A acetate and vitamin A palmitate being used as standards. 

SO F 

40 FF 

30 F- 

20 

% VITAMIN A ESTERIFIED 

| 0 | ! 

Oo ! 2 3 

SUPERNATANT FRACTION (number of eyes) 

Fig. 2. Esterification of vitamin A; the effect of readding the supernatant fraction 

to a particulate fraction of cattle retina. Each sample contained 56 y of vitamin A 
alcohol, the particulate fraction from 1.4 retinas, and 1.5 ml. of 0.067 m phosphate 
buffer, pH 7.0, in a final volume of 3.0 ml. The samples were incubated at 38° for 1 

hour under air. The abscissa shows the amount of soluble retinal components (su- 

pernatant fraction) added in terms of the number of eyes from which it was derived. 

@ represents a measurement made with a sample of the supernatant fraction which 
had been dialyzed overnight at 4° against 0.067 M phosphate buffer, pH 7.0. 

A schematic representation of a typical chromatogram is shown in Fig. 3. 

With use of this solvent mixture, vitamin A alcohol migrates with the 

solvent front. From this diagram, it appears that the vitamin A ester 

is formed from acids comparable in length with palmitic acid. 

Pigmented Layers—The pigmented layers of cattle eyes, which include 

the pigment epithelium and the choroid, are an extremely active source of 

the esterifying enzyme. These tissues contain as much vitamin A as the 

retina, and, as had been previously observed (8), the majority of the vita- 

min is stored as the ester (Table I, Experiment 6). 

The enzymatic activity is localized in the cell fraction of a water ho- 
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mogenate non-sedimentable at 1800 X g, but which forms a tightly packed 

residue when centrifuged at 35,000 X g. This particulate material is un- 

affected by prolonged dialysis and, unlike the retinal system, shows no 

increase in activity when supplemented with the supernatant fraction re- 

maining after centrifugation at 35,000 X g. The rate of the reaction is 

optimal at pH 8.2. 

Attempts were made to bring the enzyme system into solution, but with- 

out success. These attempts included extraction with strong salt solu- 

tions, treatment with deoxycholic acid or digitonin, preparation of acetone 
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Fig. 3. Schematic representation of the reversed phase chromatography of vita- 

min A esters. 

powders, and ultrasonic treatment. The detergents proved to be very 

effective inhibitors of the enzymatic activity. 

When this particulate preparation is supplemented with several cofac- 

tors (ATP, palmitic acid, cysteine, and CoA), described by Kornberg and 

Pricer (13) for their guinea pig liver system which forms long chain fatty 

acid derivatives of coenzyme A, there is a marked increase in the rate of 

esterification of vitamin A alcohol. The effect of the individual cofactors 

is, however, quite different from that observed by Kornberg and Pricer 

(13). 

Though ATP is required for the activation of long chain fatty acids in 

such processes as phosphatidic acid formation (14), in the present system 

it inhibits the esterification of vitamin A. This inhibition is observed also 

when the ATP is replaced by ADP or AMP. These nucleotides inhibit 
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the enzymatic activity 50 per cent at concentrations between 0.005 and 
0.01 mM. 

Palmitic acid appeared to have no effect on the system when tested at 

0.002 m. Other long chain fatty acids, such as oleic, stearic, myristic, and 

lauric acids, were tested in place of palmitic acid. These either showed 

no effect, or proved to be slightly inhibitory. Inasmuch as the product 

of this reaction is a long chain fatty acid ester of vitamin A, the lack of 

effect of added fatty acids is presumably due to the presence of a sufficient 
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Fig. 4. The influence of cysteine concentration on the esterification of vitamin A 

alcohol. Each sample contained 0.2 ml. of a particulate preparation from pigmented 
layers of cattle eyes, equivalent to the content of one eye, 12 y of vitamin A alcohol, 

0.004 millimole Veronal-acetate buffer, pH 8.55, made up to a final volume of 4.0 ml., 
and incubated at 38° for 1 hour under air. 

quantity of them in the enzyme preparation. This is apparently also the 

case in phospholipide synthesis, which can proceed in a particulate prepa- 

ration without the addition of fatty acids (15). 

Cysteine displays a marked effect on this system, as shown in Fig. 4. 

The effect, however, is not specific, for it is displayed also by reduced glu- 

tathione. This stimulation also occurs if the cysteine is added after the 

reaction has apparently ceased, in which case a new “burst’’ of esterifica- 
tion is observed. 

Coenzyme A regularly displays a moderate influence on this reaction. 
In an attempt to demonstrate an absolute requirement for this factor, the 

tissue preparation was treated with the ion exchange resin, Dowex 1, ac- 
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cording to the procedure of Stadtman, Novelli, and Lipmann (16) for re- 

moving coenzyme A from cell-free preparations. This treatment resulted 

in only a slight loss in enzymatic activity, without any increase in the 

effect of added coenzyme A on the system. In the absence of added cys- 

teine, 0.34 umole of coenzyme A has only a negligible effect, increasing the 

enzymatic activity by 19 per cent. However, in the presence of cysteine, 

coenzyme A is active; 0.34 umole of coenzyme A added to 100 umoles of 

cysteine is as effective as doubling the cysteine concentration (enzymatic 

activity increases 348 per cent). 

The system can be readily inhibited by the addition of small amounts 

of p-chloromercuribenzoate. This inhibition is completely abolished in 

TaBLeE II 

Rates of Esterification of Four Geometric Isomers of Vitamin A Alcohol 

Isomer Amount esterified Per cent 

v 

SN is Cec. Cie cR Mews we ed 4.75 (100) 

NS ee a a rr 4.60 97 
ee Se ee ee 2.85 60 

EE 255d hehe aw endmonneers 2.00 42 

Each sample contained 0.1 ml. of a particulate preparation of pigmented layers of 

cattle eyes, equivalent to one eye, 0.114 mmole of Veronal-acetate buffer, pH 8.55, 
10 y of vitamin A alcohol in 10 yliters of acetone, final volume 4.0 ml. Samples were 
incubated at 38° for 5 minutes under air. 

the presence of cysteine. The esterification is also inhibited by NH,OH, 

but in this case the addition of cysteine does not overcome the inhibition. 

Geometrical Specificity of Esterification—Vitamin A exists in the form 

of several well defined geometric isomers (17, 18). With respect to the 

regeneration of the visual pigments, it is the shape of the molecule that 

determines whether it reacts or not (19). The effect of the shape of the 

molecule on the rate of esterification has been explored. The results of 

one experiment are shown in Table II. Whereas the rates of esterification 

of all-trans and neo-b vitamin A alcohol are almost identical, the neo-a 

isomer is esterified at 60 per cent, and the iso-a isomer at only 42 per cent 

the rate of the all-trans. 

Isomeric Form of Vitamin A in Pigmented Layers and Retina—The vita- 

min A which is present in the pigmented layers and dark-adapted retinas 
of cattle eyes consists of a mixture of geometric isomers. An extraordi- 
narily large percentage of this is present as the neo-b isomer, the precursor 

of rhodopsin and iodopsin. 
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Any single isomer, or mixture of vitamin A isomers, when exposed to 

light in the presence of small amounts of I, eventually reaches an equilib- 

rium state, containing the various isomers in fixed proportion. This equi- 
librium mixture or isomerate has been shown to have an E}”, of 1710 in 
n-hexane (18). The results of isomerizing a tissue extract with I, and 
light are shown in Fig. 5. This is the vitamin A ester fraction from pig- 

EXTINCTION 

Or l _ 

250 300 350 400 

WAVE-LENGTH (mp) 
Fig. 5. Absorption spectra of a vitamin A ester fraction from pigmented layers 

of cattle eyes (Curve 1) before and (Curves 2, 3) after exposure to white light for 4 
and 9 minutes, in the presence of 2 y of Is. 

mented layers of cattle eyes in n-hexane. When the concentration of vita- 

min A present in this sample from a quantitative Carr-Price reaction (2.47 

X 10~ gm. per 100 ml.) is known, the E}%n. is found to be 1413.3 With 

3 An isomerate of this concentration should have an extinction of (1710) (2.47 X 

10-*) = 0.423. The difference between this value and the one actually observed 
(0.516) is due to extraneous absorption in this region of the spectrum by other com- 
ponents present in the tissue extract. Subtracting this difference (0.093) from the 

extinction of the solution before isomerization, and dividing by the concentration, 

gives the E\% of the initial solution. This then is (0.442 — 0.093)/(2.47 X 10‘) = 
1413. 

use of 

mente 

neo-b 

the e? 

Vil 

of pif 

min y 

and « 

howe 

ester: 

to ho 

lyopl 

Pigm 
Chor 

alt 

1 my 

conte 

ters. 

bein 

vant 

sing 

to bi 

whe! 

with 

of th 

ture 

pres 

wou 

pose 

EY la 
tion 

and 

Wal 



d to 
ilib- 

qui- 

0 in 

and 

pig- 

N. I. KRINSKY 891 

use of this figure, the fraction of neo-b in the vitamin A ester of cattle pig- 
mented layers is found to be 65 per cent.* Similarly high proportions of 

neo-b are found also in the alcohol fraction from pigmented layers and in 

the extracts of dark-adapted retinas. 

Vitamin A Esterase—The fact that both the alcohol and ester fractions 

of pigmented layers of cattle eyes contain high proportions of neo-b vita- 

min A would seem to indicate that an equilibrium exists between the free 

and esterified forms of vitamin A in this tissue. We have been unable, 

however, to demonstrate clearly the hydrolysis of long chain fatty acid 

esters of vitamin A, either natural or synthetic (palmitate), when added 

to homogenates obtained from the pigmented layers. On the other hand, 

lyophilized retinal preparations are capable of hydrolyzing vitamin A es- 

TaBLeE III 

Distribution of Vitamin A Esterifying Enzyme in Cattie Pigment 
Epithelium and Choroid 

Tissue Dry weight per eye Enzyme distribution 

mg. a eight 8 | total units per cent 

Pigment epithelium............. 4.3 10.41 44.8 72 

Relig pele aR erg etre error iret: 116.7 0.148 17.3 28 

* A unit of enzyme is defined as the amount which catalyzes the formation of 

1 mumole of vitamin A ester when incubated at 37.5° for 30 minutes, in a solution 

containing 77 mumoles of vitamin A alcohol and cysteine (0.033 m), pH 8.55. 

ters. The esters tested included the acetate and the palmitate, the former 

being hydrolyzed much more rapidly than the latter. 

Distribution of Esterifying Enzyme in Pigmented Layers—By taking ad- 

vantage of the fact that the pigment epithelium is a tissue with only a 

single cell layer, it has been possible to separate it from the underlying 

4 Of the five known isomers of vitamin A, iso-a and iso-b vitamin A do not appear 
to be present in extracts of pigmented tissues of cattle, inasmuch as these extracts, 

when tested for their ability to regenerate visual pigments, form only rhodopsin, 

without admixture of isorhodopsin, the photosensitive pigment formed from either 

of these isomers (19). Thus the vitamin A from pigmented layersis made up of a mix- 

ture of all-trans, neo-a, and neo-b vitamin A. If we assume that the first two are 

present in the proportion 85/15, as has been found in rat liver (20), their mixed Em 

would be 0.85(1820) + 0.15(1690) = 1800. The observed value, 1413, would be com- 

posed of contributions from neo-b, EI” = 1200, and the all-trans neo-a mixture, 

EY% = 1800. If we let x = fraction of vitamin A present as neo-b, 1 — z = frac- 

tion of vitamin A present as all-trans + neo-a, then 2(1200) + (1 — x)(1800) = 1413 

and z = 65 per cent. The Ei” values are taken from the paper of Brown and 

Wald (18). 
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choroid. After removing the retina, the eye cup is gently rinsed with a 

few ml. of saline to remove adhering rod outer limbs. The majority of 

the pigment epithelium is then removed by rubbing a fine camel hair 

brush over the surface of the eye cup. The remaining pigment epithelium 

and choroid can then be teased away from the sclera. By using this pro- 

cedure, over 70 per cent of the enzyme is found in the pigment epithelium, 

as seen in Table III. Since the recovery of the pigment epithelium by 

this procedure is far from complete, this measurement makes it probable 

that virtually all esterifying activity is in the pigment epithelium and 
little if any in the choroid. 

Distribution of Esterifying Enzyme in Other Tissues—In addition to cat- 

tle retinas and pigmented layers, various other tissues were tested for their 

ability to esterify vitamin A alcohol. Rat kidney, liver, and small in- 

testine all failed to show significant rates of esterification. 

DISCUSSION 

The demonstration of enzyme capable of esterifying and hydrolyzing 

vitamin A in the tissues of the eye does not necessarily mean that a simple 

equilibrium exists between the vitamin A of the eye and the rest of the 
body. Vitamin A is transported in the blood as the free alcohol, whereas 
it is found deposited in the liver, the main storage depot of vitamin A in 

the body, primarily as the ester (3). There does not appear to be any 

direct relationship between liver and blood vitamin A, for the latter tends 

to remain at a fairly constant level, despite wide variations in the liver 

level, until such time as the liver stores are depleted, when the blood level 

falls (21). It is of interest that vitamin A is deposited also in the pig- 
mented layers and retina primarily as the ester. Vitamin A appears to 

be held tenaciously by the eye tissues as compared to the liver. This has 

been demonstrated by Brenner ef al. (22) who studied vitamin A depletion 

in either young rats or those made hypervitaminotic with respect to vita- 

min A. They showed that the eye is capable of holding on to vitamin A 

even after the liver stores have been completely depleted, and the blood 

level had fallen to half of its original value. This was also shown his- 

tologically by Greenberg and Popper (23), who found that the vitamin A 

5 We are indebted to Dr. A. M. Potts, Western Reserve University, for describing 
this method. 

6 This has been recently discussed by J. E. Dowling and G. Wald (Proc. Nat. Acad. 
Sc., in press). They found that rats, maintained on a vitamin A-free diet, first lost all 

of their liver stores of vitamin A and then the blood vitamin A level fell rapidly to 

zero from its normal level. It was only at the time that vitamin A was no longer 

detectable in the blood that retinal vitamin A, bound in the form of rhodopsin, 

began decreasing. 
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fluorescence of the retina and pigment epithelium of rat eyes was almost 

independent of the amount of vitamin A stored in the liver and was only 

slightly decreased when vitamin A was no longer detectable in the liver. 

The ciliary process of the eye also displayed vitamin A fluorescence, but 

this fluorescence disappeared in vitamin A-deficient animals, indicating 

its dependence on the vitamin A nutritional status. 

Further evidence that the vitamin A stored in the eye tissues is not in 

complete equilibrium with the vitamin A stored in such organs as the liver 

is shown in a study by Wald (24) on the distribution of vitamins A; and 

A> in the eye tissues and liver of various marine and fresh water fishes. 

Many of these contain a mixture of vitamin A; and A: in the eye and liver 

tissues, and, in several cases, the ratios of vitamin A; to vitamin Ag, in 

these tissues are reversed. Whenever a marked difference exists between 

the vitamin A, to vitamin A, ratio in the retinas and the livers, the vita- 

min A distribution in the pigmented layers parallels the retinal ratio, but 

not the liver ratio. 
Of greatest importance with respect to the visual system is the difference 

in distribution of vitamin A isomers in the eye tissues from that in the rest 

of the body. As we have shown, a large percentage of the vitamin A 

present in pigmented layers of cattle eyes and retina is the neo-b isomer, 

the precursor of rhodopsin. A recent study, in which the sensitive assay 

for ability to form rhodopsin was used, has failed to detect this isomer in 

either cattle plasma or liver.’ This fact, coupled with the retention by 

the eye of vitamin A during depletion, points to a mechanism for isolating 

the vitamin A metabolism of the eye from the rest of the body. 

This mechanism may be associated with the rapid and relatively selective 
esterification of neo-b and all-trans vitamin A in the pigment epithelium. 

In this way, the active isomer for rhodopsin regeneration, neo-b vitamin A, 

which is formed only in the eye (25), and its immediate precursor, all- 

trans vitamin A, would tend to be concentrated at the expense of the 

other isomers. The esters would then become available to the retina, 

presumably by diffusion across the wide surfaces of contact between the 

pigment epithelium and rods and cones. It is interesting that the retina 

alone among the eye tissues readily hydrolyzes vitamin A ester, thus mak- 

ing it available for oxidation by the alcohol dehydrogenase of the retina 

and rhodopsin formation. 

SUMMARY 

A cell-free enzyme preparation capable of esterifying vitamin A alcohol 

has been obtained from various eye tissues. The enzyme is concentrated 
in the pigment epithelium, where it is found in a particulate fraction. The 

7 Wald, G., and Brown, P. H. S., unpublished observations. 
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pH optimum for the reaction is at 8.2, and the activity is greatly enhanced 

by the addition of sulfhydryl compounds. The product of the reaction 

is a long chain fatty acid ester of vitamin A. Of the eye tissues studied, 
only the retina is capable of hydrolyzing long chain fatty acid esters of 

vitamin A. 

The pigment epithelium enzyme displays relative geometric specificity 

towards the various isomers of vitamin A. This may account for the 

high proportion of neo-b vitamin A stored in the eye. 

The author wishes to express his appreciation to Dr. George Wald for 

many helpful discussions during the course of this work and particularly 

during the preparation of this manuscript. 
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SYNTHESIS OF SATURATED AND UNSATURATED 
PHOSPHATIDYL GLYCEROLS 

III. CARDIOLIPIN SUBSTITUTES* 

By ERICH BAER ann DMYTRO BUCHNEA 

(From the Subdepartment of Synthetic Chemistry in Relation to Medical Research, 
Banting and Best Department of Medical Research, 

University of Toronto, Toronto, Canada) 

(Received for publication, January 30, 1958) 

Recently, Benson and Maruo,’ separating the phospholipides of an 

ethanolic extract of the alga Scenedesmus by chromatographic means, 

obtained a fraction whose major constituent was identified by its reaction 

with lead tetraacetate, formation of benzoyl- and isopropylidene deriva- 

tives, and liberation of a ,a-diglycerophosphate on mild alkaline hydrolysis 

as an a-phosphatidyl-a-glycerol (Fig. 1, Structure I). Structural details 

remaining to be determined are the nature of the fatty acid substituents 

and, if these are not identical, their relative positions on the substituted 

glycerol moiety, as well as the configuration of both glycerol moieties. 

Theoretical considerations predict the existence of four stereoisomers 

grouped in two pairs of enantiomers for an a-phosphatidyl-a-glycerol 

containing two identical fatty acid substituents (Fig. 1, Structures II 

to V). Several methods of determining the structure and configuration 

of naturally occurring phosphatidyl glycerols can be envisaged. However, 

the following two procedures seem to be the most promising ones. One 

requires the removal of the fatty acid substituents by a mild alkaline 

hydrolysis and comparison of the saponification product with bisglyceryl 

phosphates of known structure and configuration, while the other involves 

the synthesis of phosphatidyl glycerols of known structure and configura- 

tion for comparison with the natural product. However, Structures 

III and IV would be distinguished only by the second method. A method 

for the synthesis of bis(L-a-glyceryl)phosphoric acid and bis(D-a-glyceryl)- 

phosphoric acid has been reported recently by the present authors (3). 

The synthesis of a-phosphatidyl-a-glycerols has now been effected in this 

laboratory. As we pointed out earlier (3), there are good reasons for ex- 

pecting the naturally occurring phosphatidyl glycerols to be derivatives of 

bis(L-a-glyceryl)phosphoric acid. Hence we concerned ourselves first with 

the synthesis of L-a-phosphatidyl-L-a-glycerols. In the absence of any in- 

formation as to the nature of the fatty acid substituents of the natural 

* The synthesis of enantiomeric a-phosphatidic acids (1) and a-bisphosphatidic 

acids (2) should be considered Papers I and II in this series. 

1 Benson and Maruo (14). 

895 
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products, both an unsaturated and a saturated phosphatidyl glycerol were 

prepared containing oleic acid and stearic acid, respectively. The synthe- 

sis of (dioleoyl-L-a-glycerylphosphoryl)-L-a-glycerol from p-mannitol in- 

volves the following nine intermediates: 1 ,2,5,6-diacetone p-mannitol > 

acetone D-glyceraldehyde (4) — p-acetone glycerol (4) — p-acetone glycerol 

CH,OOC-R CH:,0H R-COO—CH; HO—CH, 

| 
CH—OOC-R CHOH R-COO—C—H HO—C—H 

0 
Oo | 

H,C—O—P—O—CH, 
CH,—O——P—O—CH, 

OH 
OH 

I. Structure of phosphatidyl glyc- L (ID L 
erol as suggested by Benson and 
Maruo’s evidence. 

R-COO—CH, H.C—OH HO—CH, H.C—OOC-R 

| 
R-COO—C—H H—C—OH HO—C—H H—C—OOC-R 

O O 

| | 
H,C—O—P—O—CH; H.C—O— P—O—CH, 

| 
OH OH 

uw (ip) D L (Iv) pb 

H.C—OH H.C—OOC-R 

| 
H—C—OH H—C—OOC-R 

9) 
| 

H,C—O—— P—O—CH, 

OH 

D (V) D 

Fig. 1. Phosphatidyl glycerol and its possible stereoisomers 

benzyl ether (5, 6) — L-a-glycerol benzyl ether (5, 6) — p-«,B-(bis-9, 10- 

dibromo)distearin benzyl ether (7) — p-a,8-(bis-9, 10-dibromo)distearin 

(7) — D-a,B-diolein (7) — isopropylidene(dioleoy]-L-a-glycerylphosphory])- 

L-a-glycerol. The details of the last steps of the synthesis are shown in 

Scheme 1. The isopropylidene(dioleoyl-L-a-glycerylphosphory])-L-a-glyc- 

erol was not isolated, since at some stage during the working up and the 

addition of water to decompose the phosphorochloridate (VIII) cleavage of 
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the acetone group takes place, yielding directly the dioleoyl phosphatidyl 

glycerol (II). The unsaturated phosphatidyl glycerol (II) was obtained 

as a viscous oil in an over-all yield of 90 per cent calculated from diolein. 

In selecting for the synthesis of dioleoyl phosphatidyl glycerol (II), p-a,6- 

H.C—OH 

H—C—OOC-R Be 
| pyridine 

H.C—OOC-R 

(VI) 

H—C—OOC-R + H—C—O CH; — 7 

he 
Cc 

” i” 
H.C—OOC-R H.:C—O CH; 

(VID 

(2) 

O 

(1) H.O C—O —Oo— we 
ae | _— (2) acid 

Cl hydrolysis 

H—C—OOC-R H—C—O CH; 

NM 
Cc 

- 
H.C—OOC-R H.C—O CH; 

(VID) 

HO—CH; R-COO—CH, HO—CH; eet we 

HO—C—H R-.coo—c—H —P&#_, qo—c—n R,-COO—C—H 

= ae bas | | 
H,C—O—P O—CH; H.C—O—P O—CH; 

| 
OH OH 

(II) (IX) 

(Dioleoyl-L-a-glycerylphosphory])- (Distearoyl-L-a-glycerylphosphoryl)- 

L-a-glycerol L-a-glycerol 

R = —(CH,),;CH=CH(CH;);CH;, 

R, = —(CHz2)isCHs 

ScuEeme 1. Synthesis of a-phosphatidyl-a-glycerols 
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diolein and p-acetone glycerol, whose primary hydroxy] groups are derived 

by reduction of the carbonyl group of p-glyceraldehyde, the phosphoric 

acid residue is placed in a position on both glycerol moieties that is opposite 

to that of the phosphoric acid radical in p-glyceraldehyde-3-phosphoric acid 

and its reduction product b-a-glycerolphosphoric acid. Thus both glyc- 

erol moieties of the phosphatidyl glycerols II and IX have spatial arrange- 

ments opposite to those of p-glyceraldehyde-3-phosphoric acid and 

p-a-glycerolphosphoric acid and hence possess the L configuration. The 

enantiomer of (dioleoyl-L-a-glycerylphosphory])-L-a-glycerol and the other 

pair of enantiomers (III and IV) may be obtained by the same procedure 

by using the appropriate stereoisomers of a,8-diolein and acetone glycerol 

(Table I). 

TABLE I 

Synthesis of Diastereoisomers of a-Phosphatidyl-a-glycerols 

Required stereoisomers of 

Desired (dioleoyl)phosphatidyl glycerol -—— 

a,B-Diolein Acetone glycerol 

II. (DO-t-a-G) (L-a-G)PA D D 

III. (DO-t-a-G) (p-a-G)PA - L (8) 

IV. (DO-p-a-G) (L-a-G)PA L (7) D 
V. (DO-p-a-G) (p-a-G)PA - L 

Abbreviations, DO = dioleoyl, G = glyceryl, PA = phosphoric acid. 

The catalytic reduction of (dioleoyl-L-a-glycerylphosphory])-L-a-glyc- 

erol (II) in ethanolic solution with hydrogen and platinum as catalyst gave 

an excellent yield of (distearoyl-L-a-glycerylphosphoryl)-L-a-glycerol (IX). 

This work completes the synthesis of a series of naturally occurring 

phosphate esters of increasing degree of substitution: glycerophosphoric 

acid (9, 10), bisglycerylphosphoric acids (3), phosphatidic acids (1), 

phosphatidyl! glycerols, and bisphosphatidic acids (2). Members of these 

classes are now accessible as individual, stereochemically pure compounds 

as a result of syntheses developed in this laboratory. These methods 

permit the preparation of unsaturated, as well as saturated, representatives 

of the acylated glycerol phosphates. The synthesis of an unsaturated 

phosphatidic acid and bisphosphatidic acid will be reported soon. 

Both the saturated and unsaturated phosphatidyl glycerols, which are 

closely related in structure to cardiolipin (11), are under investigation by 

Dr. R. H. Allen and Dr. D. B. Tonks in the Laboratory of Hygiene, De- 

partment of National Health and Welfare, Ottawa, as possible substitutes 

for cardiolipin in the serodiagnosis of syphilis. This work will be reported 
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independently elsewhere. Preliminary indications are that the unsaturated 

phosphatidy] glycerol is fairly reactive as a cardiolipin substitute in VDRL 

tests. 

EXPERIMENTAL 

(Dioleoyl-1t-a-Glycerylphosphoryl)-L-a-Glycerol (II)—In a dry 300 ml. 

3-necked round flask with ground glass joints equipped with an oil-sealed 

motor-driven stirrer, calcium chloride tube, and dropping funnel were 

placed 3.1 gm. (0.02 mole) of freshly fractionated phosphorus oxychloride. 

The flask was immersed in an ice bath, and a mixture of 12.42 gm. (0.02 

mole) of pD-a ,8-diolein (7) and 1.58 gm. (0.02 mole) of anhydrous pyridine 

was added dropwise with stirring to the phosphorus oxychloride during 

15 minutes. The funnel was rinsed with a solution of 1.6 ml. of pyridine 

in 10. ml of anhydrous ether, which was added to the reaction mixture, and 

the stirring was continued, the mixture being kept for 1 hour at 0° and 1 

hour at room temperature (approximately 24°). At the end of this period, 

the flask was placed in a water bath at 10°, and a solution of 2.65 gm. (0.02 

mole) of D-acetone glycerol (4) and 1.60 ml. of pyridine in 20 ml. of ethanol- 

free and anhydrous chloroform was added over a period of 5 minutes. 

The mixture was brought to room temperature, and the stirring was con- 

tinued for 2} hours, 0.36 ml. (0.02 mole) of distilled water being added 

at the end of the 2nd hour. The reaction mixture was diluted with 300 

ml. of ether, the pyridine hydrochloride was removed by filtration, and the 

filtrate was washed in succession with three 200 ml. portions of ice-cold 

2 n sulfuric acid, two 200 ml. portions of a saturated sodium bicarbonate 

solution, and two 200 ml. portions of water. The ether solution was dried 

with anhydrous sodium sulfate, the solvent was distilled off under reduced 

pressure, and the residue was kept in a high vacuum at 35—40° until its 

weight was constant. The product (15.5 gm., P = 3.85) was dissolved 

in 200 ml. of anhydrous acetone; the solution was cleared by centrifugation 

and kept for 2 hours at —85° in a bath of solid carbon dioxide and acetone. 

The mixture was centrifuged in a refrigerated centrifuge at as low a tem- 

perature as possible, the supernatant solution was decanted, and the pre- 

cipitate was kept in vacuo until its weight was constant. The residue, a 

viscous oil, was free of chemically bound acetone, weighed 14.0 gm. (90.3 

per cent of the theoretical amount), and consisted of pure (dioleoyl-L-a- 

glycerylphosphoryl)-t-a-glycerol; n? 1.4705, [a]?! +2.0° in chloroform 

(c = 10), [a]# +2.35° in 99 per cent ethanol (c = 11). On titration in 
aqueous emulsion, by the method of Fleury, the compound consumed per 

mole, 1.02 moles of periodic acid. It was found to be highly soluble at 

room temperature in methanol, ethanol, acetone, chloroform, glycol mono- 
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methyl ether, diethyl ether, petroleum ether, or benzene, but insoluble in 

water, with which it readily forms a stable emulsion. 

CaH790i10P (775). Calculated. C 65.07, H 10.27, P 4.00, iodine No. 65.5 

Found. “© 64.86, ‘* 10.20, “4.08, ‘* “* 64.0 

Recovery of Oleic Acid—A solution of 289.0 mg. of (dioleoyl-L-a-glyceryl- 

phosphoryl)-L-a-glycerol in a mixture of 25 ml. of ethanol and 25 ml. 

of a 2 N aqueous solution of potassium hydroxide was boiled under reflux 

for 6 hours. The solution was then concentrated to approximately one- 

half of its volume by distillation under reduced pressure, and the con- 

centrate was acidified with 7 ml. of 10 Nn sulfuric acid. The oleic acid 

was extracted with four 25 ml. portions of petroleum ether (b.p. 30—60°), 

the combined extracts were evaporated in a stream of nitrogen at a bath 

temperature of 50—-60°, and the oleic acid was determined by alkali titration 

with thymol blue as indicator (12). Oleic acid calculated, 210.6 mg.; 

found, 210.3 mg. (99.8 per cent of theory). 

(Distearoyl-L-a-Glycerylphosphoryl)-L-a-Glycerol (IX)—A _ solution of 

4.0 gm. of (dioleoyl-L-a-glycerylphosphoryl)-L-a-glycerol in 60 ml. of 99 

per cent ethanol was placed in an all-glass reduction vessel, 0.4 gm. of 

platinic oxide (Adams’ catalyst?) was added, and the mixture was shaken 

in an atmosphere of pure hydrogen® under an initial pressure of approxi- 

mately 50 cm. of water until the consumption of hydrogen ceased, about 

20 minutes being required. The apparatus was flushed with nitrogen, 

the saturated phosphatidyl glycerol was brought into solution by placing 

the reaction vessel in a bath of warm water, and the catalyst was removed 

by centrifuging the warm solution. The catalyst was washed twice 

with small portions of warm ethanol, and the combined ethanolic solutions 

were placed in an ice box to crystallize. The mixture was filtered with 

suction on a Buchner funnel, and the solid material, weighing 3.9 gm. (97 

per cent of theory), was recrystallized from 40 ml. of anhydrous acetone, 

giving 3.7 gm. (92.0 per cent of theory) of (distearoyl-L-a-glycerylphos- 

phoryl)-L-a-glycerol (IX); m.p. 66.5-67.0°, [a]? +2.0° in chloroform 

(c = 10). The substance, which was free of potassium,* was found to 

be highly soluble at room temperature in chloroform or benzene and in 

warm methanol, ethanol, acetone, glycol monomethyl ether, ether, or 

petroleum ether. 

C4H93:010P (779). Calculated. C 64.75, H 10.74, P 3.97 

Found. ** 64.73, ** 10.81, “* 3.90 

? The catalyst was prepared as described by Adams, Voorhees, and Shriner (13), 

except that the sodium nitrate was replaced by an equimolecular amount of potas- 

sium nitrate. 
3 Electrolytically produced hydrogen was used. 
‘A possible contamination introduced by Adams’ catalyst. 
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SUMMARY 

A procedure has been developed for the synthesis of a-phosphatidyl-a- 

glycerols, permitting the preparation of all four stereoisomers. The 

synthesis of (dioleoyl-L-a-glycerylphosphoryl)-L-a-glycerol from p-a,6- 

diolein and p-acetone glycerol via isopropylidene(dioleoyl-L-a-glyceryl- 

phosphory])-L-a-glycerol, and the catalytic reduction of the unsaturated 

phosphatidyl glycerol to (distearoyl-L-a-glycerylphosphory])-L-a-glycerol 

are described in detail. 

This work was assisted with funds allocated by the Province of Ontario 

under the National Health Grants Program of the Department of National 

Health and Welfare, Ottawa. 
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THE CHEMISTRY OF THE NATIVE CONSTITUENTS OF THE 
ACETONE-SOLUBLE FAT OF MYCOBACTERIUM 

TUBERCULOSIS (BREVANNES)* 

I. GLYCERIDES AND PHOSPHOGLYCOLIPIDES 

By HANS NOLL anp EUGENE JACKIM 

(From the Department of Microbiology, School of Medicine, University of 
Pittsburgh, Pittsburgh, Pennsylvania) 

(Received for publication, January 21, 1958) 

In the course of their pioneering studies on the chemical composition 

of the lipides of Mycobacterium tuberculosis, Anderson and his coworkers 

developed a general extraction procedure (1). According to their scheme, 

the cultures are exhaustively extracted with a mixture of ethanol-ether 

(1:1) and then with chloroform. By further solvent fractionation the 

ethanol-ether-soluble lipides are then separated into the “‘acetone-soluble 

fat’? and the acetone-insoluble “crude phosphatide,” while the chloroform 

extracts are divided into the methanol-soluble ‘‘soft wax” and the methanol- 

insoluble “‘purified wax.’’ None of these fractions, however, is chemically 

homogeneous. 

The discovery of the cord factor by Bloch (2) stimulated new interest 

in the chemistry of these fractions and led to a search for better methods 

of purification. Progress toward the isolation of the pure native lipides 

was made by the introduction of chromatography (3-6) and infrared 

spectroscopy (5, 7). The application of these methods resulted in the 

isolation and subsequent elucidation of the chemical structure of the toxic 

cord factor (8-11) and of several other native constituents of Anderson’s 

purified wax (12, 13). 

The present investigation extends our previous work on the composition 

of the chloroform extracts (12) to include the acetone-soluble fat fraction 

of the methanol-ether extracts. In contrast to these previous studies, the 

present paper and Paper II, however, deal exclusively with fractions ob- 

tained from the virulent human strain Brévannes. This qualification 

seems indicated since Anderson, who in his careful and comprehensive 

work has laid the ground for all subsequent studies in this field, already 

emphasized the dependence of the lipide composition upon the nature of the 

* This investigation was supported by research grants No. E-1500 and No. E-1297 
from the Divsion of Research Grants of the National Institutes of Health, Public 

Health Service. 

A portion of this work was carried out at the Public Health Research Institute of 

the City of New York, Inc., New York, New York. 
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strains and the cultural conditions (14). These observations were con- 

firmed in later investigations, notably by Lederer and coworkers (15), by 

Kubica et al. (16), and in our studies on the native constituents of the Wax 

C fraction (12). 

With use of the strain Brévannes and by applying chromatographic 

methods, Aebi et al. initiated the chemical study of the native constituents 

of this fraction (6). The present two reports give additional information 

obtained mainly by extensive infrared analysis of the chromatographically 

purified components. The first paper deals with the fractionation pro- 

cedures and the characterization of some glyceride and phosphoglycolipide 

fractions, while the subsequent report describes a new crystalline naphtho- 

quinone related to vitamin Ke. 

EXPERIMENTAL 

Isolation of Acetone-Soluble Fat 

Cultural and extraction procedures have been described in a previous 

paper (8). 3 to 4 week-old surface cultures of a virulent human strain of 

M. tuberculosis (Brévannes) were used. The methanol-ether (2:1) ex- 

tracts from various batches were concentrated in vacuo; the residue was 

dark brown and salve-like. The acetone-soluble fat was prepared by 

solvent fractionation according to Aebi et al. (6) and had the appearance of a 

brown viscous oil. 

Chromatographic Partitioning 

Further partitioning of the acetone-soluble fat was effected by chromatog- 

raphy on magnesium silicate-Celite (17) and silicic acid (Mallinckrodt) 

columns. The preparation of the magnesium silicate-Celite and the 

chromatographic procedures have been described (5). Fractions! eluted 

from the columns were examined by infrared spectrophotometry (Tables 

I and II). 

From well established correlations the main components can be classified 

according to their infrared spectra? as belonging to one of the following 

groups: I, glycerides; II, phosphoglycolipides; III, naphthoquinone deriva- 

tives. 

1 Chromatographic fractions are referred to by the roman numerals used for the 
chromatograms represented in Tables I to III, followed by the letters designating 

the corresponding fractions. 
2 Some of the infrared spectra were recorded with a Perkin-Elmer model No. 21 

double beam infrared spectrophotometer at the American Cyanamid Company, 

Stamford, Connecticut; the others were taken with a Beckman model IR-4 double 

beam instrument at the Department of Microbiology, School of Medicine, University 
of Pittsburgh. The authors are greatly indebted to Dr. R. C. Gore and Mr. N. B. 

Colthup, American Cyanamid Company, for generous assistance and helpful dis- 

cussions. 
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Chromatogram I. Chromatography of Acetone-Soluble Fat Brévannes on Silicic Acid 

Frac- 
tion 

a 

8. 

995 (m.), 925 (m.), 860 (m.) 

Eluted with pool Characteristic infrared* absorptions | Interpretation 

Petroleum | Light yellow| 1740 (s.), 1665 (m.), 1600 (w.), | Mixture of triglyc- 
ether-ben- oil 1175 (m.), 720 (m.) eride and naph- 

zene, 4:1 thoquinone de- 
rivative 

Petroleum | Light orange| 1740 (w.), 1665 (s.), 1625 (m.),| Naphthoquinone 

ether-ben-| oil 1600 (s.), 1450 (s.), 1885 (s.),| derivative + 
zene, 1:1 1330 (s.), 1300 (s.), 720 (s.) small amount 

of triglyceride 
Petroleum | Light yellow) 1740 (s.), 1470 (s.), 1235 (m.), | Triglyceride 

ether-ben-| wax 1160 (s.), 1110 (m.), 720 (m.) 
zene, 1:1 

Benzene- Red-brown | 3500 (m.), 1750-1700 (s.), 1470 | Mono- and diglyc- 

ether, 1:1| soft solid (s.), 1250 (m.), 1160 (s.), erides (Smith’s 
1110 (m.), 720 (m.) Compound C) 

Benzene- Brown vis- | 3450 (s.), otherwise similar to | Somewhat more 

ether, 1:1 cous ail Fraction Id monoglycerides 

Ether-meth-| Dark brown} See Chromatogram II, Frac- | Smith’s Com- 
anol, 19:1 solid tion d pound D 

Ether-meth-| Dark brown) 3350 (s.), 1715 (m.), 1660 (s.), | Mixture of mono- 

anol, 19:1 gum 1620 (m.), 1600 (m.), 1465 glycerides and 

(s.), 13880 (s.), 1335 (m.), naphthoquinone 

1295 (s.), 1260 (m.), 1220 derivative 

(m.), 1180 (s.), 1060 (m.), 

975 (m.), 915 (m.), 835 (w.), 
790 (w.), 720 (m.) 

Ether- Dark Same absorptions as Fraction | Naphthoquinone 

methanol, brown Ig but weaker C=O band derivative; some 

19:1 gum (1715) monoglycerides 
Ether- Dark Same absorptions as in Frac- | Same components 

methanol, brown tions Ig and Ih, additional as in Fraction Ih 

19:1 viscous strong bands at 3350, 1110, + free glycerol 

fluid 1040, 990, 915 

Ether- Light 3350 (s.), 1650 (broad), broad | Mostly free 

methanol, brown overlapping bands 1500- glycerol 

19:1 oil 1200, 1110(s.), 1040 (s.), 

* Estimated relative intensity of absorption bands is expressed by the symbols 

medium, w. = weak. = strong, m. = 

Group I. Glycerides 

That the lipides of M. tuberculosis are particularly rich in mono-, di-, 

and triglycerides of various long chain fatty acids has been shown in studies 

on the native constituents of the Wax C fraction of Anderson’s purified 

wax (12) and Dubos’ “toxic lipide” (13). 



906 M. TUBERCULOSIS (BREVANNES). I 

Smith and coworkers isolated from ethanol-ether extracts of a large 

number of mycobacterial strains compounds designated A, B, C, D, and E, 

TABLE II 

Chromatogram II. Chromatography of Acetone-Soluble 
Fat Brévannes on Magnesium Silicate-Celite 

Frac- 
tion 

Eluted with pone bef Characteristic infrared* absorptions Interpretation 

Petroleum | Dark Complex mixture 
ether brown oil 

Petroleum | Light 3350 (m.), 1730-1710 (s.), | Smith’s Com- 

ether yellow 1475 (s.), 1425 (m.), 1395, pound C 
wax 1385 (m.), 1335-1240 succes- 

sion of 7 closely spaced 

sharp bands (m.), 1223, 

1205, 1185 (s.), 1140 (m.), 
1105, 1075 (w.), 945 (m.), 

875 (w.), 720 (m.) 

Petroleum | Light Same as Fraction IIb Smith’s Com- 

ether- brown pound C 

benzene, wax 

4:1 
Petroleum | Softred 3350 (shoulder), 3250 (s.), Smith’s Com- 

ether- wax 1725 (s.), 1475 (s.), 1425, pound D 

benzene, 1395, 1380 (m.), 1330-1240 

ast succession of closely spaced 
not completely resolved 

bands (m.), 1222 (s.), 

1200 (s.), 1182 (s.), 1140, 

1120, 1105, 1060 (m), 

1045 (s.), 990, 940 (m.), 880- 
820 3 weak bands, 720 (m.) 

Benzene- Brown gum | 3350 (s.), 1740-1720 (s.), 1660, | Phosphoglycolip- 

ether, 1:1 1620 (m.), 1600 (w.), 1470 (s.), ides; some naph- 

1380 (m.), 1350-970 thoquinone de- 

band with 3 broad maxima rivatives 

near 1250, 1110, 1060 (s.), 
940 (w.), 860 (m.) (broad), 

720 (w.) 

Ether- Yellowish Same absorptions as Frac- | Glycerol 
methanol, oil tion Ik 

9:1 

* Estimated relative intensity of absorption bands is expressed by the symbols 

s. = strong, m. = medium, w. = weak. 

which were characterized by infrared spectroscopy (16) and more recently 

reported to be glycerides (18). 
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Spectral correlations (12, 19-22) showed that Fraction Ie which re- 

sembled Smith’s Compound A consisted of triglycerides. Fractions If 

and IId, which were spectroscopically identical with Smith’s Compound D 

(Fig. 1, Spectrum 3), behaved chromatographically* as a monoglyceride. 

pane 

| 
| 
| i | 

|| | 

4000 3000 2000 1800 1600 1400 1200 1000 800cm* 

Fic. 1. Infrared spectra of glyceride fractions (taken from melts). Spectrum 1, 

Smith’s Compound C (diglyceride) ; Spectrum 2, acetylated Compound C; Spectrum 

3, Smith’s Compound D (monoglyceride). 

Furthermore, the infrared spectrum of Compound D is similar to the 

spectrum of 1-monostearin in the 8-crystalline form published by Chapman 

(22), who showed that the profound effect of crystallinity upon the in- 

‘The chromatographic adsorption affinity of neutral lipides is predominantly 

determined by the number of free hydroxyl groups (12), and hence the elution 
sequence for glycerides is tri-, di-, monoglycerides (13). This order manifests 

itself by the increasing appearance of an OH band between 3500 and 3350 cm. 

in the infrared spectra of subsequent eluates (Fractions Ic to If). 
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frared spectra of glycerides can be used to differentiate between the various 
polymorphic forms.‘ Infrared spectra of glycerides taken from solutions 

show broad and relatively unspecific absorptions not suitable for the 

identification of individual compounds, while the spectra of crystalline 

films (Fig. 1, Spectra 1 to 3), especially of the most stable 8 form, present 

a striking fine structure which consists of numerous closely spaced sharp 

bands characteristic for each compound. Chapman’s data also show that 

the spectra of crystalline monoglycerides esterified on carbon 1 differ 

grossly from those of the corresponding 2 isomers, whereas variations 

in the chain length of the fatty acid residues within either series of isomers 

produce only relatively small spectral changes in certain regions. In view 

of these correlations it can be concluded that Smith’s Compound D is a 

1-monoglyceride of either stearic or palmitic acid. 

Although their glyceride nature was confirmed by hydrolysis, Compounds 

A and D were not further investigated by chemical methods. Fractions Id 

and IIb and IIc, which had an adsorption affinity corresponding to that of a 

diglyceride, had an infrared spectrum similar to the one of Compound C 

published by Smith e¢ al. (18). The chemistry of this compound, which 

represents 20 to 30 per cent of the acetone-soluble fat, was investigated in 

detail. It will be referred to as Smith’s Compound C. 

Isolation of Smith’s Compound C and a-Monoglyceride of Mycolic Acid— 

For further purification the fractions containing Compound C (Id and IIb 

and IIc) were extracted exhaustively with boiling methanol. Upon being 

cooled, a white crystalline precipitate separated which was filtered on 

Whatman paper No. 41-H and dried in vacuo. The infrared spectrum of 

the crystalline precipitate (Fig. 1, Spectrum 1) was identical with that of 

Smith’s Compound C. The methanol-insoluble residue remaining after 

extraction with boiling methanol was dissolved in ether and precipitated 
with excess methanol. After being filtered and dried, it yielded a white 

powder which was identified by its infrared spectrum and melting point 

with the a-monoglyceride of mycolic acid previously isolated from Wax C 

and from Dubos’ “toxic lipide” (12, 13). 

Chemistry of Smith’s Compound C—After two crystallizations from hot 

methanol, Compound C had the following characteristics: m.p. 67-68°; 

acidity 0; fa]?” 0° + 0.2° (c = 5 per cent in CHCl). 
Saponification—100 mg. of Compound C were saponified with KOH in 

moist isopropyl alcohol, as described for cord factor (3). Upon cooling, a 

heavy gelatinous precipitate formed. Addition of 10 ml. of H,O gave a 

4Dr. H. M. Randall informed us that this has been confirmed in an unpublished 

study on the effect of crystallinity on the infrared spectra and x-ray diffraction 

patterns of glycerides. We wish to thank Dr. Randall for sending us copies of his 

spectra of known glycerides and for his helpful comments. 
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clear soapy solution. No material could be extracted from the alkaline 

solution with ether. 

Isolation of Fatty Acids—After acidifying the reaction mixture with HCl, 

the ether extracts yielded a waxy residue which was crystallized twice 

from hot methanol. This yielded 55 mg. of a white microcrystalline 

powder with the following properties: m.p. 58-60°; acid equivalent 276; 

C 75.31, H 12.53. 

Infrared Spectrum—The infrared spectrum of the acidic material taken 

as a melt showed the characteristic absorptions of long chain fatty acids 

A 

it 5 leg 

\ P 

1300 1200 cm" 

Fig. 2. Infrared spectra of progression bands of fatty acids (taken from melts). 

Spectrum A, fatty acids from alkaline hydrolysis of Compound C; Spectrum P + §, 

equimolar mixture of palmitic and stearic acid; Spectrum P, palmitic acid; Spectrum 

§, stearic acid. 

in the solid state. According to Jones et al. (23) and Meiklejohn et al. 

(24), saturated straight chain fatty acids can be identified by the number 

and positions of the progression bands between 1350 and 1150 cm... In 

Fig. 2 the progression bands of the acidic material from alkaline hydrolysis 
of Compound C (Spectrum A) are compared with those of palmitic acid 

(Spectrum P), stearic acid (Spectrum §), and an equimolar mixture of the 

two acids (Spectrum P + §, broken line). An analysis of these spectra 

shows that Spectrum A contains the progression bands of both palmitic 

and stearic acid and is identical with Spectrum P + §, indicating that the 

ether-soluble saponification product represents an equimolar mixture of 

palmitic and stearic acid. 

This conclusion is corroborated by the data from titration and ele- 
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mentary analysis,’ both indicating an equimolar mixture of palmitic and 

stearic acids. Acid equivalent: theory, 270; C 75.50, H 12.67; acid equiv- 
alent: found, 276; C 75.31, H 12.53. 

Isolation of Water-Soluble Fragment—The aqueous portion of the hy- 

drolysate gave negative Molisch and sulfuric acid tests (25) for carbohy- 

drate. The solution was deionized by being filtered through Amberlite 

MB-3 and taken to dryness in vacuo. The resulting colorless viscous 
liquid was identified as glycerol by infrared spectroscopy and paper chro- 

matography (butanol-acetic acid-water, 25:6:25). Spraying with aniline 

phthalate gave no spots and development with AgNO; and ethanolic 

NaOH (26) revealed only one spot with an R, value identical to that of 

the glycerol control. 

Reduction with LiAlH,—75 mg. of Compound C were reduced in an- 

hydrous ether with 93 mg. of LiAIH,. 58 mg. (77 per cent) of an ether- 

soluble neutral reaction product were isolated in the usual way. It had a 

melting point of 51-52° and its infrared spectrum had the typical absorp- 

tions of long chain paraffinic alcohols. 

Acetylation—60 mg. of Compound C were treated with excess acetic 

anhydride in benzene-pyridine. The reaction product was not soluble in 

hot methanol in contrast to the parent compound. Purification was 

effected by reprecipitation from ether with excess methanol. The product 

(55 mg.) was a white microcrystalline powder with a melting point of 

49-50°. The infrared analysis of the acetyl derivative (Fig. 1, Spectrum 

2) showed the disappearance of the free OH band of Compound C, in- 

dicating complete acetylation. 

Chemical Structure—These results indicate that Smith’s Compound C 

is a mixed diglyceride of stearic and palmitic acids corresponding to the 

formula C3;7H705. Further evidence was provided by elementary analysis 

of Compound C and its acetyl derivative. 

Compound C, C37H70;5. Calculated. C 74.44, H 12.16 

Found. ‘* 74.33, ‘* 12.09 

Acetyl derivative, CssH7,0s. Calculated. ‘‘ 73.30, ‘‘ 11.67 
Found. ‘“ 73.05, ‘* 11.55 

Of the three isomers corresponding to this composition, only two have 

melting points similar to Compound C, namely 1-stearo-2-palmitin (68.5- 

69.5°) and 1-stearo-3-palmitin (71.0-71.5°) (27, 28). The non-reactivity of 

Compound C with tritylchloride (27) suggests that it is 1-stearo-3-pal- 

mitin. 

5 We are indebted to Ciba Pharmaceutical Products, Inc., Summit, New Jersey, 
for carrying out the microanalyses. 
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Group II. Phosphoglycolipides 

Of all the lipide fractions of M. tuberculosis, the purification of the phos- 

phatides has proved to be most difficult. Extensive studies in the past, 

summarized by Asselineau and Lederer (15), have shown that they are of 

a complex nature, and quite different from the phosphatides commonly 

found in animals and plants. Hydrolytic degradation always liberated a 

considerable proportion of carbohydrates, notably inositol, and some 

amino acids. It seems more appropriate, therefore, to use the term 

“phosphoglycolipides” in describing these fractions. 

Lederer and coworkers have succeeded by chromatography in parti- 

tioning the crude phosphoglycolipides into fractions of different composition 

(29, 30). The homogeneity and structure of most of these fractions, how- 

ever, have not been rigidly established. 

The presence of phosphoglycolipides in some of the fractions obtained 

after chromatography of the acetone-soluble fat was detected by infrared 

spectroscopy and phosphorus assay (31). The phosphorus-containing 

material was concentrated in Fractions Ila and Ile. Further purification 

was achieved by precipitation with acetone from ether or benzene and by 

rechromatography of the acetone-insoluble precipitates. The phosphorus 

content of the resulting fractions varied between 1 and 3 per cent. The 

details of these procedures and analytical data on the products will be 

reported later. However, since this paper is concerned with a characteriza- 

tion by fractionation and infrared spectroscopy of the main components of 

the acetone-soluble fat, a short discussion of the infrared spectra of the 

phosphoglycolipides is included here. 

Infrared Spectra—The infrared spectra of non-bacterial phospholipides 

have been studied by a number of investigators (32-34), who showed that 

the different classes of the lower molecular weight phospholipides give 

characteristic absorption spectra useful for identification (32). A 

characteristic feature of phospholipide spectra between 1235 and 1200 and 

1100 and 1000 cm.~" is the presence of at least three strong bands, probably 

associated with covalent phosphate. As evident from a comparison in 

Table III, the bands of a representative phosphoglycolipide sample agree 

well in this region with the corresponding phosphate absorptions of chemi- 

cally defined phospholipides. 

However, apart from this similarity with respect to the phosphate 

absorptions, the phosphoglycolipides from M. tuberculosis, because of 

their complex nature and high carbohydrate content, give usually less 

clearly defined infrared spectra than the known phospholipides of low 

molecular weight. Spectrum 1, shown in Fig. 3, is representative for a 

large number of partially purified phosphoglycolipide fractions prepared 
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from the acetone-soluble fat. Similar spectra were obtained with Yama- 

mura’s cavity-inducing proteolipide (35) (Fig. 3, Spectrum 2) and Négre’s 

antigéne méthylique (36) (Fig. 3, Spectrum 3). As can be seen, the bands 

of the covalent phosphate group and the C—O stretching absorptions 

of the carbohydrate part overlap between 1200 and 1000 cm.—, causing 

strong, broad, and only partially resolved absorptions in this region. 

In addition to the strong phosphate and C—O absorptions between 1200 

and 1000 cm.—', the spectra of these preparations show an intense ester 

C=O stretching band between 1750 and 1700 cm.-'. The shape and 

position of this band vary, indicating different degrees of hydrogen bond- 

TaB_eE III 

Main Absorption Bands in Infrared Spectra of Phospholipides 

Due to Covalent Phosphate Group 

Compound* Frequency of absorption maxima in cm.” 

L-a-Glycerophosphorylcholine (CdClz salt)......... 1200 1090 1060+ 
—+_ 

RRS ae RA Oy EAE PES ee as] ee ee ee Rey 1235 1090 1060 eisai een 

IRS 5 cine tere cohen owe eceenaawsNacinamte 1230 1090 1060 
MS ——— 

BS SaRION: FRERS Bran eee er lira See Ep 1220 1080 1010 

ee eee eee 1220 1080 1010 
Phosphoglycolipide Fraction Ile, acetone-insoluble 

Re Re} Se ee ee eer ee ee ore 1235 1110 1060 einen paces 

* Data on the first five compounds were taken from Marinetti and Stotz (32). 

{ The absorption maxima shown in the brackets form a broad doublet. 

ing. The ester C—O—C linkages absorb near 1240, thus contributing 

to the strong covalent phosphate band in this region (32). The spectra 

of some of these preparations show a pair of rather weak bands near 1650 

and 1550 cm.—! characteristic of —CONH—, suggesting the presence of 

small amounts of peptide components. The high carbohydrate content 

(10 to 40 per cent) in all of these samples accounts for the strong broad 

band at 3350 cm. characteristic for bonded OH. Despite the general 

similarity of the spectra of the various phosphoglycolipide fractions, there 

are a number of minor but distinct differences in band positions and in 

number and relative intensities of the maxima. However, since these 

fractions are not homogeneous, no useful correlations for more detailed 

structural interpretations can be made. Yet, in a qualitative way these 

infrared spectra are sufficiently characteristic to distinguish the phos- 

phoglycolipides from the lower molecular weight lipides obtained during 

the purification of the crude extracts. 
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DISCUSSION 

Correlations between infrared spectra and chemical structure established 

in the course of this and previous studies make it possible to classify or 

a) ose ee 

y 

ii 
4000 3000 2000 1800 1600 1400 1200 1000 800cm™ 

Fic. 3. Infrared spectra of phosphoglycolipides (taken from Nujol mulls). Spec- 

trum 1, phosphoglycolipide fraction from chromatography of acetone-soluble fat; 

Spectrum 2, Yamamura’s cavity-inducing proteolipide; Spectrum 3, Négre’s an- 

tigéne méthylique. 

(My) 

identify by rapid spectroscopical screening the main lipide components 

obtained by various procedures of extraction and fractionation. In 

terms of these findings the lipides of M. tuberculosis (Brévannes) can be 

divided into two main categories: I, complex phosphoglycolipides; II, 

lower molecular weight lipides. 

I. Complex Phosphoglycolipides—Most biologically active lipides belong 

to the first group which includes the lipopolysaccharides (Wax D) with 



914 M. TUBERCULOSIS (BREVANNES). I 

sensitizing action (37) and various preparations of phosphoglycolipides 

such as Négre’s antigéne méthylique (36), Yamamura’s cavity-inducing 

proteolipide (35), and Pound’s wax fraction (38) with adjuvant properties. 
The degree of homogeneity and the chemical structure of these prepara- 
tions remain largely unknown. 

It was found that the phosphorus-containing glycolipides are not com- 

pletely removed by the initial precipitation with acetone during the prep- 

aration of the acetone-soluble fat. It is a common experience in the 

purification of highly complex lipide mixtures that solvent fractionation 

often fails to give complete separations, even of fractions with widely 

differing solubilities. This is apparently due to strong molecular inter- 

actions. Likewise, many compounds are extracted by solvents in which 

they have little if any solubility in the purified state. 

Biological work with lipides of M. tuberculosis in the past has often 

been based on the nature of the extracting solvent system for distinguishing 
the chemical nature of the various biologically active materials from one 

another. The above results emphasize again that this is a poor criterion. 

IT. Lower Molecular Weight Lipides—In contrast to these preparations 

of a relatively complex nature, the native lipides of lower molecular weight 

have now been well characterized spectroscopically and chemically. Their 

characteristic, clearly defined infrared spectra and distinct chromatographic 

absorption affinities facilitate their separation from the more complex 

components of higher molecular weight. They seem to be devoid of 

toxicity or antigenic properties with the exception of cord factor which, 

from its chemical structure and molecular weight, is to be regarded as an 

intermediate between the two classes. 

A large proportion of the lower molecular lipides are esters of saturated 

straight and branched chain fatty acids (ranging in size from Cy, to Cg) 

with various hydroxylated compounds such as glycerol, long chain alcohols 

(phthiocerol), and aromatic hydroxy ethers (probably similar to Anderson’s 

leprosols (12, 39, 40)). The distribution of the latter type of compounds 

appears to be strain-specific, while most of the glycerides (Smith’s Com- 

pounds A, C, and D) have been isolated from all the strains studied, 

including H37Rv and BCG as well asa number of atypical and saprophytic 

variants (41). 

In agreement with Smith and his coworkers it was found that mono-, 

di-, and triglycerides are relatively abundant in the acetone-soluble fat 

fraction of the methanol-ether extracts. This parallels our previous 

findings on the composition of Wax C (12, 13). The glycerides of the 

acetone-soluble fat, however, differ from those in Wax C by the predomi- 

name of shorter chains (Cig and C,s) in their constituent fatty acids. 
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This accounts for their preferential extraction with methanol-ether. The 

presence of some a-monoglyceride of mycolic acid in the acetone-soluble 

fat shows that there is some overlapping between the latter fraction and 

Wax C. The observed abundance of glycerides, already reported by Smith, 

is in contrast to results obtained by Anderson and coworkers (42), as well 

as by Aebi ef al. (6).6 According to these authors, trehalose serves in 

place of glycerol in these lipides. We were unable to detect esters of 

trehalose in the acetone-soluble fat. So far, trehalose-6,6’-dimycolate 

(cord factor) is the only chemically pure native glycolipide that has been 

isolated from M. tuberculosis. The isolation of trehalose in hydrolysates 

of the acetone-soluble fat reported in the literature suggested the occur- 

rence of structural analogues of cord factor in which trehalose was esteri- 

fied with shorter fatty acids (11). The present findings fail to substantiate 

our earlier hypothesis. It is possible, therefore, that the different results 

reported in those earlier investigations were due either to the presence 

of cord factor in these extracts or, as already mentioned, to differences 

in the production of the bacterial cultures.’ 

SUMMARY 

The chemical composition of the acetone-soluble fat of Mycobacterium 

tuberculosis, strain Brévannes, has been examined by infrared spectros- 

copy after chromatographic partitioning. On the basis of their spectral 

and chemical characteristics the separated native lipide constituents 

of the acetone-soluble fat fraction were found to belong to one of the 

following three classes of lipides: I, mono-, di-, and triglycerides; II, com- 

plex phosphoglycolipides; and III, 1 ,4-naphthoquinone derivatives. 

One of the main components of the first group, Smith’s Compound C, 

was identified as a mixed diglyceride of stearic and palmitic acids. The 

infrared absorptions and solubility properties of the complex phosphoglyco- 

lipides were investigated, methods for their separation from the phosphorus- 

free lipides of lower molecular weight outlined, and their relations to various 

6 The influence of the glycerol-containing culture medium has been suggested as 
a possible explanation for the observed high glyceride content (12). 

7 The extracts described in this paper were prepared from cultures used for the 
production of cord factor. In contrast to the authors quoted who extracted with 
ethanol-ether (1:1), we used methanol-ether (2:1), in order to avoid in this first 

step the extraction of cord factor which is subsequently extracted with chloroform. 

Since we found that cord factor has a certain solubility in ethanol-ether (1:1), it is 

likely that at least part of the trehalose found by those previous investigators was 

derived from cord factor. On the other hand, strain differences could hardly 

account for the differences in glyceride content, since one of the strains used by 

Smith et al. (H37Rv) was identical with the strain employed by Anderson, and ours 

(Brévannes) with the one used by Aebi. 
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biologically active preparations discussed. The naphthoquinone deriva- 

tives are the subject of a subsequent paper. 
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THE CHEMISTRY OF THE NATIVE CONSTITUENTS OF THE 

ACETONE-SOLUBLE FAT OF MYCOBACTERIUM 

TUBERCULOSIS (BREVANNES)* 

II. ISOLATION AND PROPERTIES OF A NEW CRYSTALLINE 

NAPHTHOQUINONE DERIVATIVE RELATED 

TO VITAMIN K; 

By HANS NOLL 

(From the Department of Microbiology, School of Medicine, 

University of Pittsburgh, Pittsburgh, Pennsylvania) 

(Received for publication, February 3, 1958) 

The chromatographic fractionation of the acetone-soluble fat of Myco- 

bacterium tuberculosis (Brévannes) and the characterization of its main 

native constituents have been reported in Paper I (1). It was shown 

that the acetone-soluble fat yielded some fractions with typical naphtho- 

quinone absorptions in addition to the glycerides and complex phos- 

phoglycolipides which have been described in detail in the previous study. 

The occurrence of 1,4-naphthoquinone derivatives in the acetone-soluble 

fat has already been demonstrated by Anderson and Newman with the 

isolation of phthiocol (I) (2). More recently, Snow and coworkers (3) 

isolated from similar extracts of an unspecified strain of M. tuberculosis 

a polyisoprenoid 1,4-naphthoquinone derivative, apparently closely 

related to vitamin Ke (II) (4). 

O O 

ia a a 

| l CH; CH; 
a ee | | 

|| OH || CH:—(CH=C—CH.—CH:);—CH=C—CH, 
O O 

(1) (ID) 

The present paper describes the isolation of two naphthoquinone deriva- 

tives obtained during the chromatography of the acetone-soluble fat. 

One of these compounds, probably identical with Snow’s oil fraction, has 

*This investigation was supported by research grants No. E-1500 and No. E-1297 

from the Division of Research Grants of the National Institutes of Health, Public 

Health Service. 

A portion of this work was carried out at the Public Health Research Institute of 
the City of New York, Inc., New York, New York. 
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been obtained in the crystalline state. Some physicochemical data of 

this compound and structural deductions derived from detailed spectro- 
scopic studies, especially in the infrared region, are reported below. 

EXPERIMENTAL 

Details on the preparation and chromatography of the acetone-soluble 

fat have been given in Paper I (1). Infrared absorption spectra char- 

acteristic for naphthoquinones were associated with two fractions of 

the acetone-soluble fat, an oil eluted from silicic acid with petroleum 

ether-benzene (Fraction Ib) and a solid eluted with ether-methanol (Frac- 

tion Th).!. In order to facilitate the description, and because of their 

TABLE [ 

Chromatogram I. Chromatography of 1.10 Gm. of Fraction I Dissolved in Petroleum 
Ether, Adsorbed on 50 Gm. of Magnesium Silicate-Celite 

Fraction No. Eluted with Amount Aspects of material 

mg. 

1 250 ml. petroleum ether 720.5 Light yellow 

oil 
2 50 ‘ Trace 

3 300 ** = ether-benzene, 143.5 Light brown 

Fe | soft solid 

4 300 ml. ether-benzene, 1:1 1.9 

5 100 “ ether-methanol, 9:1 Trace 

MBs aSiescceed 865.9 

Recovered, %.... 73 

relationship to the K vitamins, these two fractions will be referred to as 

Compounds K, and K,, respectively. 

Isolation of Compound K, in Crystalline Form 

Fraction Ib, which was a light orange oil, was further purified by chro- 

matography on magnesium silicate-Celite (Table I); two distinct fractions 

were obtained. The first fraction was a lemon yellow oil (66 per cent of 

the starting material) with the spectral characteristics of a naphthoquinone 

(Fig. 1, Spectrum 3); the second, a light brown soft solid consisted mainly 

of triglycerides contaminated with some naphthoquinones. The yellow 

oil (K,) became orange on standing and, after several weeks at room 

temperature, a crop of bright yellow crystals separated from the oil. The 

crystals formed small balls which clumped together to large aggregates 

of the consistency of a hard wax. These characteristics and the solubility 

1 The chromatographic fractions referred to are listed in Table I of Paper I of this 

series. 
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. of of the material resembled closely the properties reported for vitamin K: 

tro- by Doisy and coworkers (5). 
Physicochemical Properties—The physicochemical data of a sample of 

20 mg. of purified Compound K, obtained after two crystallizations, the 
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a Fic. 1. Infrared spectra of 1,4-naphthoquinone derivatives. Spectrum 1, 1,4- 

. naphthoquinone (Nujol mull); Spectrum 2, vitamin K, (smear); Spectrum 3, Com- 

one pound K, (oil); Spectrum 4, crystalline Compound K, (resolidified melt); Spec- 

nly trum 5, vitamin K; (resolidified melt). 
low , P 
oad first from acetone-methanol and the second from acetone, are listed in 
} . . . 

Table II, together with those of Snow’s compound (3) and vitamin Kg, 
The ~\ 2 ° ° - 2s -»@ 
Pa (5). The ultraviolet absorption spectrum of Compound K, in isooctane 

lity 2 After this paper went to press, Dr. Isler informed us of his revised formula for 
vitamin Kz. The new formula is based on the synthesis of vitamin Ky and differs 

this from the original formula by having 1 additional isoprenoid unit in the side chain 
(22). The revised formula and C,H values are given in this paper. 
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was identical in shape and relative intensities of the peaks with the spectra 

of the vitamins K; and K: (6). The absorbance values, however, were 

lower than either, being virtually identical with those reported by Snow 

and coworkers (3) for a highly purified oil fraction isolated by chromatog- 

raphy from the native lipides of M. tuberculosis. As seen from Table II, 

the analytical data’ of crystalline Compound K, are in closest agreement 

with those of Snow’s compound. The melting point of Compound K, 

(58-59°) was somewhat higher than that of vitamin K, (53.5-54.5)* and a 

mixture of the two substances melted at 49-53°. 

TaBLeE II 

Analytical Data of Compound K,, Vitamin Kz, and Snow’s Compound 

Compound Kx Snow’s Compound (3) Vitamin Ke (5, 6) 

——. . Tt an: ft 6U 622 h an|!|hCUl:™tCUe 
E, cm, E, cm E, cm 

Absorption maxima 

243 mu 226 227 287 

248 “« 2 | 
249 << 240 305 

260 ‘ : 218 220 275 

269 ‘° 216 

270 ‘ 209 275 

| °C. n> | °C. 

M.p. 58-59 1.5286 (oil) 53.5-54.5 

| per cent per cent per cent 

C 85.24 85.10 | 85.13 
H 10.26 10.27 | 9.94 

The figures in parentheses represent bibliographic references. 

Infrared Studies—The infrared spectrum of the crystalline Compound K, 

(Fig. 1, Spectrum 4) was found to be qualitatively identical with that of 

vitamin K, (Fig. 1, Spectrum 5). In order to obtain more detailed in- 

formation about the structure of Compound K, and the significance of its 

infrared absorptions in relation to the other analytical findings, the spectral 

characteristics of similar compounds of known constitution were investi- 

gated. 

In a first approximation, the infrared spectrum of vitamin K, can be 

analyzed by regarding it as a composite spectrum made up of the absorp- 

tions contributed by the 1,4-naphthoquinone nucleus and the polyiso- 

3 We are indebted to Ciba Pharmaceutical Products, Inc., Summit, New Jersey, 
for carrying out the microanalyses. 

* The author wishes to express his thanks to Dr. E. A. Doisy for a most generous 
gift of this rare vitamin. 
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prenoid side chain. This approach, though neglecting the secondary 

vibrational effects which result from the mutual interactions of these two 

eomponent parts, proved to yield useful correlations for the interpretation 

of the main spectral characteristics of vitamin Ke. 

Absorption of Naphthoquinones 

The spectra of naphthoquinones are relatively unexplored and only 

few correlations have been established with certainty (Bellamy (7), p. 129). 

Most studies have been concerned with the influence of substitutions in 

the ring on the C—O stretching absorption near 1660 cm. (8, 9). 

TaB._e III 

Characteristic Infrared Absorption Spectra of 1,4-Naphthoquinone Derivatives 

Frequency of absorption maxima in cm.~! 

Compound c=o | C=C (aromatic) C—O (C=C) 

Band a | Band b Band c Band d Band e 

1,4-Naphthoquinone. ...... 1660 | 1600 1585 1330 | 1300 
Vitamin K,....... eee 1618 1595 1330 1295 

aa ee Pee! 1655 | 1615 1590 1330 1295 

Compound K,...... ..| 1655 | 1613 1590 1330 1295 

a | OD | 1650 | 1613 1590 | 1330 | 1295 
| | | 

| | | 

ES ee eee | 1655, 1640* | 1625* | 1583 | 5 bands | 1350-1210 

Levachol...................| 1655, 1640 | 1625* | 1587 eo | 1350-1210 

* Band visible as shoulder. 

A comparison of the spectrum of 1,4-naphthoquinone with the spectra 

of a series of derivatives® (Figs. 1 and 2) shows that all of them contain 

strong bands in the 1660 to 1590 and 1350 to 1200 em.“ regions (Table III). 

By means of these absorptions the compounds listed in Table III can be 

divided into two groups: Group I, 1,4-naphthoquinone and its alkyl 

derivatives (Fig. 1); Group II, derivatives of 1 ,4-naphthoquinone having a 

hydroxyl group attached to the quinone ring (Fig. 2). The compounds 

of the first group exhibit in these regions a characteristic and constant 

pattern of five sharp bands (Table III, Bands a to e) which are similar in 

relative intensity and position. 

The first set of three bands (Bands a to ¢) consists of a very strong band 

near 1660 (Band a) due to the carbonyl stretching and common to all 

5 T am indebted to Dr. L. F. Fieser for samples of phthiocol and lapachol and to 

Hoffmann-La Roche, Inc., for a gift of vitamin K:. 
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quinones, a weaker band near 1615 (Band b), followed by a stronger band 
near 1590 (Band c). The latter two bands arise most probably from the 
aromatic C=C stretching. This would be in agreement with earlier 
observations that the 1600 cm.— band, normally occurring in aromatic 

4000 3000 2000 1800 14600 1400 1200 1000 800 cm’ 

Fic. 2. Infrared spectra of 1,4-naphthoquinone derivatives (taken from Nujol 
mulls). Spectrum 1, Compound K,; Spectrum 2, phthiocol; Spectrum 3, lapachol. 

compounds, is split into two bands in naphthalenes and other polycyclic 
aromatics (Bellamy (7), p. 61) and that the intensity of the lower band is 
considerably enhanced when a carbonyl or other unsaturated group is 
attached directly to the ring. 

The second set of absorptions common to all compounds of the first 
group consists of two bands (Bands d and e), one of medium intensity 
at 1330 (Band d) followed by a second very strong band near 1300 em> 
(Band e). The nature of these naphthoquinone bands in the C—O region 
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around 1300 cm. has not been elucidated, but it is likely that they arise 

from an interaction between the carbonyl group and the aromatic C—=C 

bonds. 

The second group of naphthoquinone derivatives shows a less regular 

absorption pattern. Apparently, the presence of a hydroxyl group in the 

ring results in a pronounced alteration of the absorptions found to be 

characteristic for 1,4-naphthoquinone and its alkyl derivatives. Thus, 

instead of the relatively weak Band c near 1615 cm. in the spectra of the 

first group, the spectra of the hydroxy] derivatives show two rather stiong 

absorptions at 1625 and 1640 cm.—', either fully separated or visible as 

shoulders. It is possible that the additional band at 1640 cm. results 

from a splitting of the C—O band due to hydrogen bonding, while the 

1625 cm.—! band represents a shift of the 1615 cem.-' C=C absorption 

towards higher frequencies. In the 1300 cm. region the derivatives with a 

hydroxyl group attached to the ring also present a more complex system 

of absorptions than the first group. These bands are probably due to 

C—O stretching modes of the carbonyl and hydroxyl groups and their 

possible interactions with the aromatic C=C vibrations. 

It may be concluded from this study that alkyl-substituted 1 ,4-naphtho- 

quinones can be identified by a set of five well defined, generally strong 

bands which are independent of the nature of the alkyl substituents and 

hence characteristic for the 1,4-naphthoquinone nucleus. 

Polyisoprenoid A bsorptions 

Isler et al. (10) published the spectra of natural and synthetic squalene, 

and Saunders and Smith (11) made a detailed examination of the infrared 

absorptions of rubber polyisoprenes. By comparing amorphous material 

with different crystalline modifications and by using the technique of 

oriented crystalline films together with polarized radiation, Saunders 

and Smith were able to deduce correlations between infrared absorption 

spectra and crystalline structure. They found that crystallinity has a 

pronounced effect upon the absorptions between 900 and 750cm.-!. These 

correlations are listed in Table IV, together with the absorptions observed 

in the spectra of squalene, vitamin Ke, and Compound K, as oil and in 

the crystalline state. It follows from these data that squalene and Com- 

pound K, in its non-crystalline oil form have an amorphous cis polyiso- 

prenoid chain, while vitamin K: and the crystalline Compound K, show 

the bands characteristic for the planar transconfiguration of crystalline 
polyisoprene. 

Structure of Compounds K, and K, 

It has been established by infrared studies that Compound K, is a 

1 ,4-naphthoquinone with a polyisoprenoid side chain, similar to vitamin 
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Ky. The somewhat higher carbon content and melting point of our crystal- 

line preparation as well as the depression of the melting point when mixed 

with vitamin K, lend support to the proposal of Snow et al. From their 

studies with a similar oil fraction they suggested that the native naphtho- 

quinone derivative from M. tuberculosis is a homologue of vitamin K, 

containing two additional isoprenoid units in the side chain (4). Quantita- 

tive considerations of the absorbance values in the ultraviolet as well as 

TaBLeE IV 

Characteristic Infrared Absorption Spectra of Crystalline and Amorphous Polyisoprenes 

Frequency of absorption maxima* in cm.~! | 

Compound | —_——__—_—— |Crystalline structure 

| CHs (wag) | C—H (wag) | CH? (rock) 

a-Gutta-percha (11)..... | 883 (m.), 864 (s.) | 803 (s.) | Twisted trans 

| | erystalline 

| | 
8-Gutta-percha (11). -+.| 876 (s.) 796 (s.) | 752 (w.) | Planar trans 

crystalline 

Vitamin Ky............. | 876 (s.) | 796 (s.) | 753 (w.) 
Crystalline Compound | 

_ Ae Res ....| 878 (s.) | 797 (s.) | 753 (w.) 

Amorphous gutta-percha| 

ee ae ee ee | 890 (w.) | 836 (s.) Cis 

| error | 885 (w.) 845 (s.) Amorphous 

Squalene (10)........... | 885 (m.) 835 (s.) 
Amorphous Compound | 

840 (m.) | _ eee | 890 (w.) 

* Estimated relative intensity of absorption bands is expressed by the symbols, 
s. = strong, m. = medium, w. = weak. “Wag” and “rock” refer to the mode of vi- 

bration which causes absorption. 

in the infrared regions are also consistent with the assumption of a longer 

side chain in Compound K,. Thus, on the basis of the ultraviolet absorp- 

tion spectra, the side chain can be calculated to contain 7 to 8 isoprenoid 

units. Similarly, a closer comparison of the infrared spectra of vitamin 

Ky and Compound K, reveals distinct and reproducible quantitative dif- 

ferences in the relative absorption intensities of a number of bands. Nota- 

bly, the CH, and C—CH; absorptions near 1450 and 1380 cm.—", respec- 

tively, are somewhat stronger in the spectrum of Compound K, than the 

corresponding bands of vitamin K, when measured against the naphtho- 

quinone bands at 1590 and 1330 cm. as internal standards, indicating 

again the presence of a longer side chain in Compound K,. Preliminary 
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x-ray diffraction studies’ of the two compounds showed similar powder 

patterns with essentially identical spacings, but marked differences in the 

relative intensities of the bands. An unequivocal differentiation by this 

technique, however, would require a complete analysis of a single crystal 

which was not available. 

When examined under the microscope, the crystalline Compound K, 

appeared less transparent and morphologically not as well defined as 

samples of crystalline vitamin Ke. Moreover, the color of the vitamin K, 

crystals has a greenish tinge, whereas the Compound K, powder was 

whitish yellow. Hence, the possibility that the reported observations 

and analytical data are somewhat influenced by small amounts of im- 

purities in Compound K,, causing incomplete crystallization, cannot be 

ruled out. 

Compound K,, obtained as a yellow amorphous powder after triturating 

Fraction Ih with benzene, was not further purified. In contrast to Com- 

pound K,, Compound K, was very soluble in methanol and slightly soluble 

in ether. These properties indicate that Compound Ky is more polar 

than Compound K, and lacks the long hydrocarbon side chain present in 

Compound K,. The infrared spectrum of Compound K, shows a strong 

OH band but none of the characteristic shifts in band positions observed 

for ring-substituted hydroxy derivatives of 1,4-naphthoquinone. These 

findings suggest that Compound K, is either a precursor or a degradation 

product of Compound K,, yet different from phthiocol in that its hydroxy] 

group is attached to a short side chain rather than to the quinone ring. 

DISCUSSION 

The presence of a vitamin K factor in extracts of M. tuberculosis has 

been postulated by Fieser et al. (12) in order to explain the origin of phthio- 

col isolated by Anderson in alkaline hydrolysates of the acetone-soluble 

fat. This was later confirmed by Snow et al., who isolated a highly un- 

saturated oil resembling vitamin Ky and yielding phthiocol after alkaline 

hydrolysis. It appears that our crystalline Compound K, is identical 

with Snow’s oil fraction and represents the postulated native phthiocol 

precursor. Infrared spectroscopy furnished definitive proof that Com- 

pound K, contains a polyisoprenoid side chain. 

In the light of this result it seems possible now to understand the hitherto 

obscure origin and chemical nature of a group of unsaturated aliphatic 

compounds isolated by Aebi et al. from the unsaponifiable portion of 

certain fractions of the acetone-soluble fat (13). The C—CH; and C=C 

6The author wishes to thank Mr. W. Kehl, Gulf Research and Development 
Company, Harmarville, Pennsylvania, for the courtesy of preparing the x-ray powder 

diagrams. 
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values reported for these compounds of the approximate composition 

CoH 402, CopH 203, CopHysOs are indicative of a polyisoprenoid structure, 

suggesting that they are partially oxidized degradation products which 

originate from the side chain of the native naphthoquinone derivative. 

The isolation of esters of phthalic acid by Aebi et al. in the same extracts 

could be similarly explained. 

Extracts with vitamin K activity have been prepared previously from 

a number of microorganisms. Despite the absence of sufficient data for 

precise identification, it is generally stated in the literature that micro- 

organisms produce the polyisoprenoid vitamin K, in contrast to the phytyl 

derivative vitamin K, found in the chloroplasts of green plants (14). 

Although the precise role of the K vitamins in the cellular metabolism is 

still obscure, evidence is accumulating that they are important cofactors 

in electron transfer reactions and probably involved in photosynthetic 

(15-17) and oxidative (18, 19) phosphorylation. The recent isolation of a 

new quinone from electron transfer particles of beef heart mitochondria 

(20) should also be noted in this connection. 

It is tempting to speculate that the structural variations of the K vita- 

mins, of which the present Compound K, is a new example, reflect dif- 

ferences in the nature of the corresponding electron transfer systems. 

The observation of Fieser and Fieser (21) that the value of the oxida- 

tion-reduction potential of naphthoquinone derivatives is markedly in- 

fluenced by the nature of the substituents appears to support such a view. 

SUMMARY 

The native parent compound of Anderson’s phthiocol was isolated in 

crystalline form from the acetone-soluble fat fraction of Mycobacterium 

tuberculosis (Brévannes). Physicochemical data and spectroscopic studies 

in the ultraviolet and infrared regions led to the conclusion that the new 

compound is a polyisoprenoid derivative of 1 ,4-naphthoquinone homolo- 

gous to vitamin Ke, but having a longer side chain. 
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METABOLISM OF PROPIONIC ACID IN ANIMAL TISSUES 

IV. FURTHER STUDIES ON THE ENZYMATIC ISOMERIZATION 
OF METHYLMALONYL COENZYME A* 
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(From the Department of Biochemistry, New York University 

College of Medicine, New York, New York) 
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It has been shown (1, 2) that the main oxidation pathway of propionic 

acid in animal tissues proceeds by way of the following steps: 

P ATP,! CoA : ATP, CO, , 2 
Propionate tal —> propionyl CoA —— > methylmalony] (isosucciny]) 

. . Or 

CoA “a succinyl CoA wri succinate he CO, + HO 

Step (c), z.e. the isomerization of methylmalonyl CoA to succinyl CoA, is 

particularly interesting since it involves the migration of a carboxyl group, 

a reaction hitherto without precedent in chemistry or biochemistry. The 

enzyme catalyzing this reaction, methylmalonyl CoA isomerase, is widely 

distributed in animal tissues and has been partially purified from sheep 

kidney cortex (2). This paper reports on further work dealing with (1) 

additional evidence that the immediate product of the enzymatic isomeri- 

zation of methylmalonyl CoA is succinyl CoA, (2) the stereospecificity of 

Steps b and c above, and (3) the mechanism of the isomerization reaction. 

Product of Methylmalonyl CoA Isomerization—Previous evidence for 

the formation of succinyl CoA from methylmalonyl CoA was based on 

the conversion of succinyl CoA to succinamic acid, by treatment with con- 

centrated NH,OH, and chromatographic identification of the succinamic 

acid (2). Further evidence has been obtained by coupling the isomeri- 

zation of methylmalonyl CoA to a multienzyme system (Reactions 1 

through 4)? whereby acetoacetyl CoA formed by the specific transfer of 

* Aided by grants from the National Institute of Arthritis and Metabolic Diseases 

(Grant A-529), National Institutes of Health, United States Public Health Service, 
the American Cancer Society (recommended by the Committee on Growth, National 

Research Council), the Rockefeller Foundation, and by a contract (N6onr279, T. O. 6) 

between the Office of Naval Research and New York University College of Medicine. 

+ Established Investigator of the American Heart Association. Present address, 
Massachusetts General Hospital, Boston, Massachusetts. 

1 The following abbreviations are used: ATP, adenosine triphosphate; CoA, co- 
enzyme A. 

2? The compounds in bold-faced type are the substrates added to the mixture of 
the four enzymes indicated. 
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CoA from succinyl CoA to acetoacetate, catalyzed by acetoacetyl-succinic 

thiophorase (CoA transferase), is cleaved to acetyl CoA in the presence 

TABLE I 

Methylmalonyl CoA Isomerase-Dependent Synthesis of Citrate by Multienzyme System 

The complete system contained, in a volume of 1.5 ml., potassium phosphate 

buffer, pH 7.4 (50 umoles), reduced glutathione (10 umoles), methylmalonyl CoA 

(1 umole), potassium acetoacetate (20 umoles), potassium oxalacetate (20 umoles), 

and the following enzymes: methylmalony!] CoA isomerase (2) (Experiments 1 and 2, 
specific activity 0.36, 2.0 mg. of protein; Experiment 3, specific activity 0.65 ¢.p.m., 

1.5 mg. of protein), CoA transferase (3) (specific activity 1200, 0.3 mg. of protein), 
thiolase (4) (specific activity 6000, 0.5 mg. of protein), and crystalline condensing 

enzyme (5) (0.3 mg. of protein). After incubation for 75 minutes at 30°, the samples 
were deproteinized with trichloroacetic acid and analyzed for citrate by the method 
of Natelson et al. (6). 

Experiment No. Components Citrate formed 

pmole 

1 Complete system 0.32 

No methylmalonyl CoA 0.03 
‘* isomerase 0.04 

2 Complete system 0.36 

No methylmalonyl CoA 0.04 

‘* isomerase 0.06 
3 Complete system 0.41 

No methylmalonyl CoA 0.03 

‘* isomerase 0.04 

“* CoA transferase 0.07 

** thiolase 0.03 
** condensing enzyme 0.03 

of CoA and thiolase, and acetyl CoA is converted to citrate in the presence 

of oxalacetate and condensing enzyme. 

(1) Methylmalonyl CoA — succinyl CoA (isomerase) 

(2) Suecinyl CoA + acetoacetate — succinate + acetoacetyl CoA (CoA transferase) 

(3) Acetoacetyl CoA + CoA — 2 acetyl CoA (thiolase) 

(4) 2 acetyl CoA + oxalacetate + H.O — 2 citrate + 2CoA (condensing enzyme) 

As shown in Table I, no citrate was formed by the above system in the 

absence of methylmalonyl CoA or methylmalonyl CoA isomerase. Since 

CoA transferase is quite specific for succinyl CoA (3), these experiments 

provide decisive proof that succinyl CoA is the product of enzymatic 

isomerization of methylmalonyl CoA. 

Stereospecificity—Since methylmalonyl CoA has an asymmetric carbon 
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atom, the preparations obtained by chemical synthesis could consist of a 

racemic mixture of two stereoisomers of which only one might be attacked 

by the isomerase. That this is indeed the case is indicated by the fact that, 

when the enzymatic isomerization of chemically syntl.esized methylmalony] 

CoA is allowed to proceed to completion, under conditions in which the 

succinyl CoA formed is hydrolyzed to succinate (Steps (c) and (d), p. 931), 

only one-half is converted to succinate. On the other hand, methylmal- 

onyl CoA, prepared by enzymatic carboxylation of propionyl CoA (Step (b), 

p. 931), appears to be completely converted to succinate under the same 

conditions. 

Fig. 1 shows the results of two experiments, with different amounts of 

chemically synthesized methylmalonyl CoA, in which the reaction stopped 

when about one-half had been converted to succinate. In the experiments 

of Fig. 2, the extent of enzymatic conversion of methylmalonyl CoA to 

succinyl CoA was ascertained by paper chromatography and autoradiog- 

raphy of methylmalonic and succinic acids, following alkaline hydrolysis 

of their CoA derivatives, both before (Samples 2 and 4) and after (Samples 

3 and 5) incubation with isomerase of chemically synthesized (Samples 

2 and 3) or enzymatically prepared (Samples 4 and 5) C-labeled methyl- 

malonyl CoA. The composition of the reaction mixtures and other 

experimental details are given in the legend to Fig. 2. It is apparent that 

all of the enzymatically prepared, but only about half of the chemically 

synthesized, methylmalonyl CoA was isomerized. 

Mechanism—Evidence for the reversibility of the reaction catalyzed 

by methylmalonyl CoA isomerase has been presented previously (2). 

We have now obtained indications that this reaction is a transcarboxylation. 

In such a reaction the carboxyl group of methylmalonyl (or succinyl) 

CoA would be transferred to an acceptor molecule of propionyl CoA, which 

would thereby be converted to succinyl (or methylmalonyl) CoA, with 

release of 1 molecule of propionyl CoA (Reaction 5). The net reaction 

would be methylmalonyl CoA = succinyl CoA. 

COSCoA CH; COSCoA CH.—COOH 

(5) HC—COOH + CH: — CH: + CH, 

CH; C*« ISCoA CH; C* ISCoA 

Methylmalonyl CoA propionyl CoA propionyl CoA succinyl CoA 

The above mechanism is suggested by experiments showing that C™- 

labeled succinyl CoA (or methylmalonyl CoA) is formed on incubation of 

non-labeled methylmalonyl CoA (or succinyl CoA) with C'-labeled pro- 

8’ This occurs because the isomerase preparations are contaminated with succinyl 

CoA deacylase which catalyzes the hydrolysis of succinyl CoA to succinate and CoA. 
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pionyl CoA (radioactivity indicated by asterisks in Reaction 5) in the 

presence of isomerase. No label appears in methylmalonyl or succinyl 

0.30 — —— 
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Fic. 1 Fic. 2 

Fic. 1. Extent of enzymatic conversion of chemically synthesized methylmalony] 

CoA to succinate. Succinate was determined (as in isomerase assay (b) (2)) at the 

indicated times in samples containing, in a final volume of 0.9 ml., potassium phos- 

phate buffer, pH 7.4 (50 wmoles), isomerase (specific activity 0.7, 2.2 mg. of 
protein), and either 0.3 (Curve 1) or 0.6 (Curve 2) zmole of methylmalonyl CoA. 

Fic. 2. Autoradiograms showing stereospecificity of enzymatic isomerization of 

methylmalonyl CoA. All samples contained, in a final volume of 0.9 ml., potassium 

phosphate buffer, pH 7.4 (50 uwmoles), and isomerase (specific activity 0.65, 2.0 

mg. of protein). In addition, Samples 2 and 3 contained 1.0 umole of chemically 
synthesized methylmalonyl CoA-3-C"™, labeled with C™ in the methyl group (23,000 

e.p.m.), while Samples 4 and 5 contained 1.0 umole of enzymatically synthesized 

(from propionyl CoA and CO.) methylmalonyl CoA-4-C", labeled with C™ in the 

carboxyl group (23,000 c.p.m.). The CoA thio esters were hydrolyzed with alkali 
(Samples 2 and 4 at 0 time; Samples 3 and 5 after incubation for 30 minutes at 30°), 

and the free acids were isolated as described below. Strip 1, markers of succinic 

(SUCC) and methylmalonic (MM) acids. After alkaline hydrolysis (15 minutes at 
room temperature with 0.1 ml. of 1.0 Nn KOH), each sample was acidified with 0.125 

ml. of 4.0 Nn HCl and extracted three times with 6 ml. portions of ether. The com- 

bined ether extracts were added to a tube containing 0.005 ml. of concentrated 

NH,OH and evaporated on a steam bath to about 0.1 ml. The methylmalonic and 
succinic acids were separated by descending paper chromatography (7) in ethanol- 

water-concentrated NH,OH (80:15:5) followed by autoradiography. 

CoA when the incubation is conducted with non-labeled propionyl CoA 

in the presence of C“O.. This eliminates the possibility that the isomer- 

ization might be the result of decarboxylation of methylmalonyl CoA (or 

succinyl CoA), followed by recarborylation of the resulting propionyl CoA. 
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Table II illustrates the results of one set of experiments. In Experi- 

ment la, with isomerase, methylmalonyl CoA (0.6 umole), and propionyl 

CoA-1-C“ (0.3 umole, specific radioactivity 69,000 c.p.m. per umole) a 

small but definite amount of radioactivity appeared in the succinic acid. 

With succinyl CoA (0.6 umole) instead of methylmalonyl CoA (Experi- 

ment 2a), radioactivity was found both in succinic and methylmalonic 

acids. Control experiments showed that no radioactivity appeared in 

TaBLe II 

Isomerization of Methylmalonyl CoA = Succinyl CoA in Presence 
of Propionyl CoA-1-C™ 

The reaction mixtures contained potassium phosphate buffer, pH 7.4 (50 umoles), 

and isomerase (specific activity 0.56; free of propionyl CoA carboxylation activity) 

with 1.8 mg. of protein, in a final volume of 0.9 ml. Other additions as indicated in 

the text. After incubation for 30 minutes at 30°, the acyl CoA derivatives were 
hydrolyzed with alkali, and the free acids were isolated by paper chromatography as 

described in the legend to Fig. 2. The spots of propionic, succinic, and methyl- 

malonic acids were eluted with water, and their radioactivity was determined. 

Radioactivity of isolated 
acids 

et. Additions 

Prop [suc Meta 
C.p.m. | C.p.m. | C.p.m. 

la Methy imalony! CoA + propionyl CoA-1-C™ 4820 | 900 0 
lb a - CoA-1-C1** 5700 0 0 

Ic - «* + KHCO; + propionyl CoA 68 0 0 

ld Propionyl CoA-1-C™ 5500 0 0 

2a Succiny! CoA + propionyl CoA-1-C™ 5260 | 760 | 168 

2b + i CoA-1-C'4* 5480 0 0 

2¢ “7 ‘“* + KHCO; + propionyl CoA 80 0 0 
2d Propionyl CoA-1-C™ 5680 0 0 

* The CoA derivative was used but was previously hy droly zed in 0.1 Nn KOH (15 

minutes at room temperature) and neutralized. 

these compounds when either (a) propionyl CoA-1-C™ was hydrolyzed 

with alkali (to yield propionate-1-C™ plus CoA) prior to incubation (Experi- 

ments 1b and 2b) or (b) non-labeled propionyl CoA was used and KHC“O; 

(2.5 umoles, specific radioactivity 52,700 c.p.m. per ymole) was present in 

the incubation mixture (Experiments lc and 2c). Moreover, there was 

no radioactivity in the succinic or methylmalonic acid areas of the chro- 

matograms when the incubation mixtures contained propionyl CoA-1-C™ 

but no methylmalonyl CoA or succinyl CoA (Experiments 1d and 2d). 

‘ The reason for the appearance of a small amount of radioactivity in the propionic 

acid in these experiments is unknown. 
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The low recovery of radioactivity (about 6000 out of 20,700 ¢.p.m.) may 

be due in part to volatility of ammonium propionate and in part to incom- 

plete extraction of free acids with ether and incomplete elution from 

paper. The latter two factors are probably responsible for the small 

amount of radioactivity recovered in succinic and methylmalonic acids. 

To determine the final specific radioactivity of propionyl CoA and suc- 

cinyl CoA, duplicate incubations were carried out with isomerase, non- 

labeled methylmalonyl CoA, and propionyl CoA-1-C™, under conditions 

similar to those of Experiment la of Table II. One of the samples was 

utilized for the isolation and determination of the radioactivity of the 

succinic acid as in Table II. In addition, the amount of succinic acid 

TaBLeE IIT 

Specific Radioactivity of Propionyl CoA and Succinyl CoA on Isomerization of 
Methylmalonyl CoA in Presence of Propionyl CoA-1-C™ 

Conditions as in Table II (Experiment 1a) but with 0.2 umole of propionyl CoA- 

1-C'4 and methylmalonyl CoA as indicated. Incubation, 15 minutes at 30°. 

Present at end Specific radioactivity 

Experi- | Methylmalonyl 
ment No. CoA added | Propionyl CoA 

Propionyl CoA! Succinyl CoA | ae series i sea aoe 

Initial Final 

pmoles umole umole \c.p.m. per umole lc.p.m. per umole c.p.m. per pmole 

la | 0.5 0.18 0.06 | 69,000 | 49,200 | 40,600 
Ib | 1.5 0.19 0.08 69,000 46,000 | 38,100 

2, | 0.5 0.19 0.07 680 507 496 
2b 1.5 | 0.17 0.09 680 426 413 

present was determined with succinoxidase and cytochrome c as previously 

described (2). To the other sample, hydroxylamine (1 mmole) was added 

to convert the acyl CoA derivatives to the corresponding hydroxamic 

acids. These were separated by ascending paper chromatography in 

isoamyl alcohol saturated with 4.0 m formic acid (1); propionhydroxamic 

acid was eluted with 50 per cent ethanol and assayed for radioactivity, 

and its amount was determined colorimetrically (8). As shown in Table 

III, the specific radioactivity of the propionyl CoA and succinyl CoA at 

the end of incubation (particularly in Experiment 2) was essentially the 

same. This is what would be expected from Reaction 5 proceeding in 

the presence of a pool of radioactive propionyl CoA if this compound is 

bound by the enzyme in a dissociable fashion. The concentration of 

propionyl CoA did not change, but its specific radioactivity decreased 

through dilution by non-radioactive propionyl CoA arising from methyl- 

malonyl CoA. 
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DISCUSSION 

Since methylmalonyl CoA contains an asymmetric carbon atom, it 

would be expected to exist in two stereoisomeric forms. Our results 

lend support to this view and indicate further (a) that the enzymatic 

carboxylation of propionyl CoA yields only one of the two enantiomorphs 

of methylmalonyl CoA and (b) that it yields the one form which is acted 

upon by the isomerase. These results are as expected in the light of the 

stereospecificity exhibited by most enzymes toward their substrates. 

As regards reaction mechanism, our results strongly suggest a trans- 

carboxylation mechanism for the enzyme-catalyzed, reversible conversion 

of methylmalonyl CoA to succinyl CoA as shown in Reaction 5. An 

analogy is to be found in the reversible conversion of glucose 1-phosphate 

to glucose 6-phosphate catalyzed by phosphoglucomutase, a reaction which 

appears to involve the migration of a phosphate group from C; to Cz of 

glucose or vice versa. This reaction is known (9, 10) to proceed by inter- 

molecular transfer of phosphate between glucose 1,6-diphosphate and 

glucose 1-phosphate (or glucose 6-phosphate), yielding glucose 6-phosphate 

(or glucose 1-phosphate) while glucose diphosphate is regenerated. 

The partially purified preparations of methylmalonyl CoA isomerase 

thus far available are contaminated with a methylmalonyl CoA decarboxyl- 

ase and with succinyl CoA deacylase (2). Moreover, methylmalony] 

CoA undergoes a slow, spontaneous decarboxylation to propionyl CoA 

and COz. For these reasons we have so far obtained only a partial de- 

pendence of the isomerization reaction on the presence of added propiony] 

CoA rather than the strict dependence expected from the transcarboxyla- 

tion mechanism. Work is now in progress on the further purification of 

the enzyme. 

Preparations—The preparation of partially purified isomerase from 

sheep kidney cortex (2), methylmalonyl CoA (2), methylmalonyl CoA 

labeled with C™ in the methyl group (2), and propionyl CoA-1-C™ (11) 

is described elsewhere. We are indebted to Dr. Martin Flavin for samples 

of propionyl CoA-1-C™. Succinyl CoA and propionyl CoA were prepared 

from succinic and propionic anhydrides by the method of Simon and 

Shemin (12). Methylmalonyl CoA labeled with C™ in the carboxyl group 
was prepared by enzymatic carboxylation of propionyl CoA, in the presence 

of C“O., as follows: A reaction mixture containing imidazole buffer, pH 

7.0 (200 umoles), reduced glutathione (10 umoles), MgCl: (8 umoles), 

ATP (8 umoles), propionyl CoA (3 uwmoles), KHC™“O; (20 umoles, 6.2 X 

10° c.p.m.), and pig heart propionyl CoA carboxylase (11) (specific activity 

0.5, 2.3 mg. of protein), in a final volume of 1.0 ml., was incubated for 

30 minutes at 30°. The mixture was then acidified with 0.2 ml. of 4.0 

nN HCl and heated for 20 minutes over a steam bath to remove COs, 
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neutralized with KOH, and centrifuged. The supernatant solution was 
used without further purification. 

SUMMARY 

1. Previous evidence that the immediate product of isomerization 

of methylmalonyl CoA is succinyl CoA has been strengthened by enzymatic 
identification of the latter. 

2. In relation to the fact that methylmalonyl CoA has an asymmetric 

carbon atom, it has been found that only half of the chemically synthesized 

compound, but all of the methylmalonyl CoA synthesized by enzymatic 

carboxylation of propionyl CoA, can be isomerized by methylmalony] 

CoA isomerase. Thus, as would be expected, enzymatic carboxylation 

of propionyl CoA yields the enantiomorph of methylmalonyl CoA which 
is attacked by the isomerase. 

3. When the enzymatic isomerization methylmalonyl CoA = succinyl 

CoA is conducted in the presence of C'*-labeled propionyl CoA, C-labeled 

succinyl CoA (or methylmalonyl CoA) is formed, and the specific radio- 

activities of the propionyl CoA and succinyl CoA are essentially the 

same. Labeled products are not obtained if CO. and unlabeled propi- 

onyl CoA are substituted for C'-labeled propionyl CoA. This suggests 

that the isomerization occurs through a transcarboxylation, wherein the 

carboxyl group of methylmalonyl (or succinyl) CoA is transferred to an 

acceptor molecule of propionyl CoA, which is thereby converted to suc- 

cinyl (or methylmalonyl) CoA, with release of 1 molecule of propionyl 
CoA. 
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HYDROLYSIS OF I''-THYROPROTEIN BY 

PANCREATIC ENZYMES* 

By WINTON TONG anp I. L. CHAIKOFF 

(From the Department of Physiology of the University of California School of Medicine, 
Berkeley, California) 

(Received for publication, November 21, 1957) 

Until about 5 years ago, treatment with hot alkali was the most widely 

used method for hydrolyzing the iodoprotein of thyroid tissue. By such 

a procedure, Kendall first isolated thyroxine from the thyroid glands of 

oxen (1). Proteolytic enzymes have also been used for this purpose with 

varying degrees of success, since the early work of Hutchison (2), Oswald 

(3), and Harington (4). More recently, the usefulness of enzymic hydroly- 

sis has been extended considerably by combining this method for fragment- 

ing the thyroid protein with the very sensitive techniques of chromatog- 

raphy and radioisotopic labeling for the isolation and identification of the 

products of hydrolysis. Although this combination of procedures has been 

used in several laboratories (5-12), a thorough study of the hydrolysis with 

proteases has not been reported. In our investigation of this procedure 

we found, in agreement with Roche et al. (7), that the iodotyrosines are 

released quite rapidly from the thyroprotein, whereas the release of thy- 

roxine proceeds more slowly. In addition, we found that the yield of 

thyroxine can be increased by performing the hydrolysis in the presence of 

certain metal cations (Mn++, Mg++, Ca++). These findings are described 

below, along with a procedure for the analysis of I'*'-labeled thyroid tissue. 

This procedure requires 10 to 20 hours of hydrolysis, yields approximately 

95 per cent recovery of I'* protein in the form of I*!-amino acids, and re- 

sults in little release of inorganic I"*!. 

EXPERIMENTAL 

Source of Thyroid Tissue—!"'-labeled thyroid tissue was obtained from 

female rats (150 to 250 gm.) of the Long-Evans strain. Each animal had 

been injected, 8 hours to 9 days previously, with 50 to 100 uc. of carrier- 

free I'*!-jodide. These rats were maintained on Purina laboratory chow 

containing 1 to 5 y of iodine per gm. 

Enzyme Digestion Procedure—The fresh tissue was homogenized with 15 

volumes of ice-cold buffer solution in a motor-driven, all-glass tissue 

grinder. Insoluble material was removed by centrifugation for 10 minutes 

at 2800 r.p.m. (less than 5 per cent of the total I'*' was lost with sediment). 

* Aided by a grant from the United States Public Health Service. 

939 
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300 ul. aliquots of the translucent, pink supernatant extract of thyroprotein 
were then mixed with 200 ul. portions of an enzyme solution consisting of 
10 mg. of pancreatin suspended in buffer (higher concentrations of pan- 
creatin do not improve the hydrolysis). Digestions were carried out in 
15 X 127 mm. Pyrex test tubes kept at 37° in a constant temperature 
aluminum block tube heater. 1 drop of toluene was added to each sample 
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Fic. 1. 24 hour pancreatin digests of thyroid tissues taken from rats 68 hours after 
injection of 100 ue. of radioiodide tracer. Autographs of chromatograms developed 
in collidine-H2O-NH; (left) and butanol-ethanol-2 n NH,OH (right). Abbreviations 
on the left of each autograph identify the component present (see footnote 1), and 
figures on the right pertain to percentages of total ['*! present on the chromatogram. 

to prevent putrefaction, and 20 ul. of a 1 per cent solution of thiouracil 
were added to prevent further chemical changes from spurious oxidation 
of iodide. Metal ions, when present, were added as 10 ul. of 0.1 m solutions 
of their chloride or sulfate salts. Digestion was allowed to proceed for 
periods of 10 minutes to 120 hours. 

Buffer Solutions—To determine what effect buffer composition or pH 
might have on the hydrolytic reaction, five different buffer mixtures were 
used for tissue digests: Krebs-Ringer bicarbonate; 0.11 m NaCl-0.04 m 
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NaHCO;; 0.11 m NaCl-0.04 m Tris'; 0.11 m NaCl-0.04 m Na,P.O;; and 

0.05 m NH,OH-0.05 m NH,Cl. Glass-distilled water was used for all 

solutions. 

Pancreatin Preparations—Five different pancreatin preparations were 

compared for effectiveness in the hydrolysis of I''-thyroprotein and the 

release of I'*!-thyroxine. Two were Merck U.S. P. preparations, one was 

a 3X U.S. P. preparation obtained from the Nutritional Biochemicals 

Corporation, and two were 4X U.S. P. preparations of the VioBin Cor- 

poration. The VioBin material was definitely superior, and was used ex- 

clusively in the present studies. 

Chromatographic Analysis—20 yl. portions of tissue digests were sub- 

jected directly, 7.e. without butanol extraction, to one-dimensional filter 

paper chromatographic analysis. The chromatographic and I'* assay 

procedures were essentially the same as those described previously (10-13). 

Most of the chromatograms were developed either with collidine-water 

(100:35) in an ammonia atmosphere or with a mixture of 10 parts n- 

butanol, 2 parts ethanol, and 4 parts 2 n NH,OH (BEA). In Fig. 1, the 

radioautographs of two typical chromatograms of hydrolyzed thyroid tis- 

sue are reproduced to show how chromatograms were cut up for I'*! assay. 

The I'*! contents of the various components are expressed as percentages 

of the total I'*' found on each chromatogram. In Tables I to IV, the I! 

values for each chromatogram total slightly less than 100 per cent, because 

the values for the I'*' found in the areas between the MIT and thyroxine 

bands, and between iodide and the solvent front, are omitted. 

Results 

Effects of pH and Buffer Composition on Hydrolysis—The data in Table 

I were obtained from experiments designed to determine the pH and buffer- 

ing conditions required for optimal hydrolysis of I'*! protein and for optimal 

recovery of hydrolysis products. They indicate that, within the pH range 

of 8 to 9 and in the presence of added manganous ion, various buffer mix- 

tures can be equally effective. In the case of pyrophosphate, however, 

there was a depression of both the hydrolysis of I'*! protein and the release 

of I''-thyroxine. This depression is probably related to the low solubility 

of the pyrophosphate salts of the alkaline earth metals and manganese. 

Effects of Added Metal Cations—With the addition of certain metal cat- 

ions (Mn++, Mg**, and Ca**) to thyroprotein specimens before enzymic 

The following abbreviations are used: O, origin; DIT, diiodotyrosine; MIT, 

monoiodotyrosine; Ty, thyroxine; T;, 3’,3,5-triiodothyronine; I, inorganic iodide; 

SF, solvent front; Tris, tris(hydroxymethyl)aminomethane; and BEA, butanol- 
ethanol-ammonia. 
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digestion, an enhancement of hydrolysis was observed. This metal ion 

effect appeared as a reduction in the I'*! at the origin (Table II) and was 

accompanied by small but consistent increases in the yield of I'*!-thyroxine. 

TABLE I 

Effect of pH and Buffer Composition on Pancreatin Hydrolysis of I'*\-Thyroprotein 

40 mg. per ml. of fresh thyroid tissue digested for 24 hours at 37° with 2 per cent 
VioBin 4X U.S. P. pancreatin. I'*! composition of digest determined by paper 
chromatography with collidine-water solvent mixture. 

Experi- pH of digest | Concentra- Per cent total I'3! recovered as 

ment Buffer composition tion of ——_—_—_——_—_. aE ee ee 

_ Initial | Final [*44e4 Mn™*|oyigin | pit | miT| T | T | F 
| ena Tt ——_——- | ——_——__] — — — ee 

1 Krebs-Ringer bi- 8.1 0.004 7.1) 48.5) 19.6} 16.9) 2.9 | 5.7 
carbonate 

2 0.11 m NaCl-0.04 m | 7.5 | 8.3 | 0.001 | 10.3) 45.0} 19.1) 15.8] 1.9 | 5.0 

NaHCO; 8.1 | 8.7} 0.001 | 13.0) 43.7) 18.1] 16.7] 1.8 | 4.4 

8.5 | 8.8] 0.001 | 13.4) 43.8] 17.5) 16.8) 2.0 | 4.2 

9.1} 9.0] 0.001 | 17.1) 42.0) 17.3) 15.0) 2.0 | 4.3 

9.5 | 9.1 | 0.001 | 22.6) 37.7) 18.0) 13.4) 1.6 | 4.3 

3 | 0.11 Mm NaCl-0.04 m | 7.4/8.8 | 0.001 | 14.5) 41.8] 15.3] 15.3) 2.7 | 5.9 
NaHCO; 8.1 | 8.3 | 0.001 | 14.3) 42.4) 15.3) 15.3) 2.6 | 6.1 

8.6 | 8.8 | 0.001 | 16.5) 41.7) 13.7) 14.2] 2.7 | 5.6 
0.11 m NaCl-0.04 m | 7.4 | 7.4 | 0.001 | 24.1) 39.4] 17.3] 4.9) 1.6 | 7.3 

NayP:0; 8.1 | 8.4] 0.001 | 29.0) 33.5) 16.5) 5.3) 1.0 | 6.5 

8.6 | 8.4 | 0.001 | 29.5) 30.6) 15.9) 6.0) 1.1 | 6.0 

4 0.11 m NaCl-0.04 m | 7.9 0.002 | 10.3) 44.8) 19.4) 16.4) 2.4 | 5.1 
NaHCO; 

0.11 m NaCl-0.04 m | 7.6 | 7.7 | 0.002 7.1) 47.2) 21.2) 13.8] 2.2 | 6.1 

Tris 8.1 | 8.0 | 0.002 6.8] 45.7) 20.6) 16.7) 2.5 | 5.3 

8.6 | 8.5 | 0.002 9.2) 45.4) 19.6} 16.0) 2.1 | 5.9 
9.3 | 9.0} 0.002 | 14.4) 42.7) 18.2) 15.0) 1.9 | 5.6 

5 | Krebs-Ringer bi- | 8.0 | 0.004 | 5.3] 38.6] 25.4] 23.7| 3.2 | 3.9 
carbonate | 

0.11 m NaCl-0.04 m | 8.3 0.004 | 4.7] 39.0] 26.0) 23.2) 3.8 | 3.4 
Tris 

6 | 0.11 m NaCl-0.04 m | 8.5 0.004 5.0) 43.5) 25.7) 16.7) 2.5 | 4.9 
Tris 

0.05 m NH,OH-0.05 | 9.0 | 0.004 6.2} 44.0) 23.8] 15.0) 2.8 | 5.3 

m NH,Cl 

| 
7 0.05 m NH,OH-0.05 | 8.6 | 0.005 | 4.2) 43.2) 25.8) 16.6) 2.7 | 3.4 ee ee 

The 
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The curves of Fig. 2 show augmentation not only of the final yield of 
|!-thyroxine, but also of the rate at which the I'*!-thyroxine was released. 

TABLE II 

Effect of Added Metal Cations on Hydrolysis of Thyroprotein with Pancreatin 

Rat thyroid tissue taken 24 or 48 hours after I'*! injection and hydrolyzed for 16 

to 24 hours with VioBin 4X U.S. P. pancreatin in either saline-bicarbonate or saline- 
Tris buffer. 

: Concenticn- | Per cent hydrolysate I'*! found as 

os Cation added | tion of cat- |— po wat geo ae a 

tn added | Origin | DIT | MIT | 1% | Ts | I- 
a | | . | - 2 — cena 

8 None | | 8.8 | 45.4 | 23.5 | 11.3 | 2.3 | 5.7 
Mn++ | 0.001 | 5.6 | 45.2 | 24.3 | 15.6 | 3.2 | 4.4 

“ | 0.002 | 5.2 | 46.4 | 23.2 | 16.8 | 2.9 | 4.0 
a 0.005 4.1 | 46.9 | 22.4 | 20.0 | 2.8 | 2.7 
a | 0.01 4.5 | 48.1 | 22.3 | 19.1 | 2.7 | 2.4 

9 None | | 19.1 | 43.1 | 18.4 | 12.3 | 2.1 | 4.5 
Mn++ | 0.002 | 16.2 | 43.3 | 18.2 | 15.4 | 2.2 | 3.7 

o 0.001 | 15.1 | 43.1 | 18.5 | 16.0 | 2.3 | 3.7 
“ | 0.002 | 10.7 | 44.5 | 18.9 | 18.6 | 2.5 | 3.6 
a | 0.01 10.9 | 46.4 | 18.4 | 17.6 | 2.4 | 3.4 

10 None | 14.4 | 46.1 | 21.0 | 11.0 | 1.5 | 5.6 
« 13.0 | 47.6 | 20.8 | 11.5 | 1.8 | 5.6 

Mn*+ | 0.002 | 10.7 | 47.3 | 20.7 | 14.8 | 1.7 | 5.1 
“ 0.002 9.7 | 46.5 | 21.3 | 15.7 | 2.0 | 4.8 

Mgt+ | 0.003 10.6 | 47.6 21.6 13.0 1.5 | 6.0 
“ 0.003 | 10.4 | 48.1 | 21.7 | 12.4 | 1.7 | 5.7 

Cat+ 0.002 | 11.6 | 45.1 | 22.4 | 14.2 | 1.7 | 5.1 
a 0.002 9.3 | 48.7 | 20.7 | 14.1 | 2.3 | 5.0 

Cot+ 0.002 | 17.5 | 44.4 | 21.2 8.1 | 2.1 | 6.8 
a 0.002 | 15.7 | 44.8 | 22.3 7.9 | 2.4 | 6.6 

11 None 15.4 | 43.4 | 18.8 | 15.4 | 2.6 | 4.9 
ae 15.6 | 44.0 | 18.2 | 14.6 | 2.4 | 5.4 

Mn*+ 0.002 | 11.4 | 43.7 | 18.9 | 18.9 | 3.0 | 4.2 
Mgt+ 0.002 | 14.1 | 44.7 | 18.4 | 15.7 | 2.9 | 4.5 
Cat+ 0.002 | 12.7 | 43.5 | 18.9 | 16.9 | 3.2 | 4.7 
Bat+ 0.002 | 12.4 | 45.0 | 18.6 | 15.7 | 2.9 | 5.4 
Cd* 0.002 | 25.6 | 41.6 | 17.4 0.8 | 2.3 | 3.3 
Ni++ 0.002 | 15.8 | 44.1 | 18.4 | 13.9 | 2.8 | 5.1 

This finding is of particular interest to those studying the process of thy- 

roxine biosynthesis, since other workers have reported that the hydrolytic 

release of thyroxine from thyroprotein is especially difficult (14). Roche 
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and his coworkers frequently used hydrolysis with papain after treatment 

with pancreatin in order to obtain adequate yields of the iodothyronines, 

In the present experiments, hydrolysis in the presence of 0.005 m MnSoO, 
was found to increase thyroxine yields by 25 to 80 per cent. 

It is interesting to note that the added cations influenced specifically the 

recovery of I'*!-thyroxine. The yields of MIT and DIT (Table IT) were 

not significantly altered by the added Mnt+, Mgt+, or Cat+. 
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Fic. 2. Effect of added 0.005 m MnSO, and MgSO, on the release of I'*!-thyroxine 

(T,-I'") from labeled rat thyroprotein during incubation with 2 per cent pancreatin 

in saline-bicarbonate buffer. Each curve was obtained from I*!-thyroxine values 

determined on aliquots withdrawn from a single hydrolysate at various times during 
the incubation. 

Rate of Hydrolysis—By chromatographing aliquots of thyroid digests 

at various stages of hydrolysis, the rates of disappearance of iodoprotein 

and appearance of iodoamino acids were measured. Some of these data 

are shown in Table III. These findings indicate that the proteolytic re- 

lease of the iodotyrosine, especially MIT, is rapid. Within the Ist hour 

of digestion, a maximal value for I'*"-MIT was obtained which was not 

altered greatly by continued digestion. This maximal value presumably 

represented complete release of I*!-MIT from the thyroprotein. Within 

the first 10 minutes of digestion, the I'*!-MIT frequently amounted to more 

than 70 per cent of the maximal value. Maximal release of I'!-DIT 
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required approximately 10 hours under the same conditions. The rate 

of appearance of thyroxine was variable, but definitely slower than that 

of the iodotyrosines. Since the recovery of thyroxine is often of considera- 

ble interest, the rate of appearance of I"!-thyroxine is plotted in Fig. 3 

TaB_e III 

Rate of Hydrolysis of I*-Thyroprotein by Pancreatin 

Rat thyroid tissue taken 24 or 48 hours after I'*! injection and digested at 37° with 

2 per cent VioBin 4X U.S. P. pancreatin in saline-Tris buffer with 0.004 m MnSO,. 

Per cent total I'*! found as 

Experi- | Digestion time |—— a — —————_—_—— 
ment No. 

Origin* DIT MIT Tt | Ts I- 

mn hrs. | 

1 4 13.6 46.2 19.0 14.9 2.7 3.5 

8 9.4 47.1 19.5 18.3 2.6 3.3 

12 8.0 48.3 19.8 17.0 3.0 4.0 

18 ei 46.0 20.6 17.1 3.1 5.2 

25 7:3 48.5 19.6 16.9 2.9 5.7 
min | 

2 10 42.6 26.4 16.9 9.2f 4.8 

20 31.3 34.1 21.5 9.1 3.8 

30 29.0 7.5 20.6 9.6 3.3 
hrs. 

1 | wa 39.2 21.6 6.8 1.9 3.6 
3 17.8 41.5 21.8 12.2 1.8 §.2 

6 |} 11.0 43.9 23.7 14.5 2.1 4.9 

11 | 7.5 44.4 24.7 16.4 2.3 4.7 
24 5.8 46.4 23.2 15.0 2.4 5.6 

3 0.5 29.3 35.6 23.7 3.8 2.4 

1 24.3 38.0 24.4 5.5 1.5 3.1 

3 16.3 42.1 24.2 10.3 2.6 3.4 

6 9.8 43.2 24.8 16.4 2.6 2.4 

11 6.6 44.5 24.6 18.5 3.5 2.3 

23 4.8 44.0 26.0 14.5 1.5 | 6.8 

* Includes the region between origin and DIT. 

t T, and T; sections assayed together. 

for four representative experiments. Maximal yields of I'*!-thyroxine 

were obtained after periods of digestion ranging from 8 to 24 hours. Fur- 

thermore, with prolonged digestion, thyroxine recovery tended to decline 

and, after 3 days of digestion, was, in one case, 65 per cent of the maximal 

value. Concurrent with the loss of I'*!-thyroxine, increasing radioactivity 

appeared in the inorganic iodide component (Table III). These findings 

indicate that significant decomposition of thyroxine can occur with pro- 

longed hydrolysis. 
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Nature of I in “Origin”? Components 

Since unhydrolyzed protein is known to remain at the origin during 

chromatography, the I"*! present in the “origin” components reflects the 

incompleteness of the hydrolysis. Values found for this component nor- 

mally ranged from 4 to 10 per cent of total I'*! after 24 hours of digestion 

with pancreatin (Table IV), thereby indicating that hydrolysis by this 

procedure was more than 90 per cent complete with regard to release of 

I'5!-labeled amino acids. 
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Fic. 3. Comparison of the rates of I'*!-thyroxine (T,-I'*') release during pan- 

creatic digestion of four different rat thyroid specimens labeled in vivo with I'*!. 

Further study on the nature of I'*! in the origin component revealed that, 

by chromatographing digests in a more aqueous BEA mixture,’ the origin 

material could be separated into at least four new components which are 

probably polypeptides, since they appeared early in the digestion and di- 

minished in intensity as the individual amino acids were released. After 

only 10 or 20 minutes of digestion, approximately 40 per cent of the total 

I! was found among these four polypeptides, and about 45 per cent in 

MIT and DIT, whereas only 1 to 3 per cent remained at the origin as un- 

changed thyroglobulin. Apparently, thyroglobulin is rapidly split into 

these polypeptide fragments, which are then hydrolyzed more slowly to 

release the iodotyrosines and iodothyronines. 

210 parts n-butanol, 4 parts ethanol, 8 parts 2 n NH,OH. 
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I! of Thyroid Glands at Various Times after I'*' Administration—As 

shown in Table IV, the I'** composition of the thyroid glands of the rats 

from our colony was constant over a period of 8 hours to 9 days after a 

single injection of carrier-free I. Values for I*'-DIT remained between 

TaBLe IV 

Chromatographic Fractionation of Rat Thyroid Iodine at 

Various Times after Injection of I'*! 

Thyroid tissues hydrolyzed for 24 hours in 0.11 m NaCl-0.05 m Tris at pH 8.5 with 

2 per cent VioBin 4X U.S. P. pancreatin and 0.004 m MnSO,. Each analysis was 
performed on duplicate aliquots taken from a homogenate of thyroid tissue pooled 

from four rats. 

| Per cent hydrolysate I'*! found as 
Time after | 
qi injection | . (eee Poy a eae . _ | ss 

| Origine | DIT mr {| nu | I- 
| labia jones — 

hrs | | | | | 

8 | 4.7 | 46.5 26.8 | 14.5 | 2.1 4.2 
| 4.5 | 45.6 2.7 | 15.2 | 24 | 4.2 
| | 

26 | 5.8 | 48.2 23 | 65 | 23 | 42 

| | | | | 
doys | | | 
2 | 6.6 45.5 19.6 | 19.9 | 26 | 3.9 

6.0 | 46.4 19.9 | 19.2 | 2.6 | 4.1 
| | 

3 6.9 | 42.8 20.6 20.6 | 3.1 | 4.0 
5.9 | 46.8 18.9 0.5 | 27 | 3.6 

| | | 
4 6.3 | 45.3 A a ee 

6.5 | 46.4 18.4 | 206 | 22 | 4.1 
| | 

Tw Tt aF ) Ss | 93.3 | 2.8 | 3.9 
| 7.5 | 45.3 | | 23.9 | 27 | 3.9 

| 

9 8.2 | 47.3 19 | 19.3 | 2.4 | 3.9 
| 87 | 463 | 18.5 | 4 | 21 | 3.8 

* Includes the section between the origin and DIT. 

43 and 48 per cent during this period, those for I'*"-MIT decreased from 

27 to 19 per cent, and for I'*!-thyroxine they increased from 15 to 20 per 

cent; for I'-T; they did not vary significantly from values of 2 to 3 per 

cent of total I'*' of thyroid glands. The identities of the various ['*!- 

containing amino acids were determined by cochromatography with added 

pure compounds. However, since the iodothyronines are not well defined 

by chromatography with the collidine-solvent mixture, the presence of small 
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amounts of 3,3’-diiodothyronine and 3,3’ ,5’-triiodothyronine, as reported 
by Roche et al. (15, 16), cannot be excluded. 

In the same thyroid glands, the inorganic I"*!-iodide content was found 

to be between 3.81 and 4.23 per cent of total I". Such values are low and 

not significantly different from the I'*!-iodide content of the unhydrolyzed 
tissue. It was therefore concluded that little deiodination of organically 
bound I"* occurred during the analytical procedures. 

DISCUSSION 

The enzymic hydrolytic technique was discarded long ago in favor of 

alkaline hydrolysis because it seemed to be lacking in completeness, and be- 

cause it was accompanied by the release of large amounts of inorganic iodide 

(3, 4), an indication that considerable deiodination of organic iodine was 

occurring. With the application of newer methods of analysis (e.g. I 

and chromatography), and with the refinements of the enzymic technique 

described above, these objections seem no longer to be valid. In a pre- 

vious report (13), we described an analytical procedure for thyroidal io- 

dine which involved hydrolysis of the tissue for 16 hours in hot 2 nN NaOH. 

During this hydrolysis, 13 to 21 per cent of the I protein was released 

in inorganic form. In comparison, a 24 hour digestion with the VioBin 

pancreatin gave 95 per cent complete hydrolysis of I'*' protein with almost 

negligible release of inorganic iodide. 

Further advantages of the enzymic digestion procedure over the alkaline 

hydrolytic method might also be mentioned here. The tedious acid bu- 

tanol extraction and solvent evaporation steps are eliminated so that all 

of the I'*' in a tissue specimen can be accounted for on a single chromato- 

gram of a pancreatin hydrolysate. The elimination of the butanol extrac- 

tion and alkaline hydrolytic procedures also helps to reduce the possibility 

of the artifactual formation of labeled iodine compounds which arise 

through exchange reactions under the acid conditions of butanol extraction 

and evaporation, or the degradative and condensation reactions during 

heating with strong alkali (17-20). In order to make certain that new 

sources of artifactual labeling of iodine-containing compounds were not 

introduced with the enzymic digestion procedure, test analyses were per- 

formed on non-radioactive thyroid specimens to which purified radioiodide 

was added in vitro. Chromatograms of such thyroid hydrolysates consist- 

ently showed only a single band for the radioiodide. 

The mechanism by which the metal cations enhance the yield of thy- 

roxine during digestion is not entirely clear. The fact that increased 

I'5!_thyroxine yield is accompanied by decreased I'*! recovered in the origin 

component suggests that the metal ions act, in part at least, by activating 

the metal peptidases present in the pancreatin so that a more complete 
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hydrolysis is obtained. On the other hand, since it is known that thyroxine 
is somewhat unstable, and hence that some decomposition may be expected 

to occur during the analysis, it is conceivable that the metal ions might 

stabilize the thyroxine by forming some sort of complex with it. These 

considerations call to mind the observations of Reineke (21) concerning the 

catalytic action of manganese oxides on the formation of thyroxine during 

the iodination of casein and the oxidation of diiodotyrosine. At that time, 

it was suggested that the manganese served as an oxygen carrier for the 

oxidative coupling of the iodotyrosine. However, it is unlikely that such 

a mechanism was functioning in the present experiments since all of the 

analyses were carried out in the presence of excess reducing agent (thioura- 

cil). 

SUMMARY 

1. A procedure is described for the analysis of I'*!-containing compounds 

in labeled thyroid tissue. This procedure makes use of an enzymic hy- 

drolysis technique that gives approximately 95 per cent recovery of the 

I!thyroglobulin in the form of I'!-amino acids. 

2. The yield of thyroxine obtained from thyroprotein is augmented by 

hydrolysis in the presence of Mn++, Mgt**, or Ca**. 

3. It was found that during the enzymic digestion maximal release of 

monoiodotyrosine occurred within 1 hour and that release of diiodotyrosine 

required less than 10 hours, whereas maximal thyroxine release required 

8 to 24 hours. Digestion beyond 24 hours usually resulted in decreased 

yields of thyroxine. 
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STUDIES ON THE BIOLOGICAL FORMATION OF 

GLUCOSAMINE IN VIVO* 

I. ORIGIN OF THE CARBON CHAIN 

By SIDNEY V. RIEDER}{ ann JOHN M. BUCHANAN{T 

(From the Department of Physiological Chemistry, School of Medicine, 

University of Pennsylvania, Philadelphia, Pennsylvania) 

(Received for publication, January 28, 1958) 

It was not until a few years ago that knowledge concerning the biological 

formation of p-glucosamine was obtained. Since that time it has been 

shown by techniques in vivo that, in the rat (1) and bacteria (2), the carbon 

chain of glucosamine is formed intact from glucose. A previous com- 

munication from this laboratory (3) has shown that this conversion also 

takes place in the bird and probably represents the major pathway of 

glucosamine formation. The following report presents the details of this 

work. 

Methods 

Conditioning of Animals—Hens of the New Hampshire Red variety, 

which weighed 2 kilos and were 5 to 7 months old, were kept in standard 

hen metabolism cages. These cages were covered with an air-tight plastic 

covering fitted with an intake tube attached to a soda lime tower at the 

bottom of one side of the cage and with an outlet tube at the top of the 

opposite side to permit the collection of the respiratory carbon dioxide. 

The hens were fed a standard laying mash ad libitum and, in addition, 

were given 40 gm. of scratch feed plus some cracked oyster shell each 

night. When the hen had attained a regular egg laying cycle, it was fed 

some non-radioactive glucose contained in a gelatin capsule per os every 

4 hours for a period of 3 days. If the animal was able to withstand this 

treatment and still maintained its egg laying schedule, which was one egg 

every day for 3 consecutive days and then no egg the following day, it 

was considered ready for the feeding of the isotopic compound. 4.5 mg. 

of glucose-1-C™ contained in a gelatin capsule (specific activity, 22.5 ue. 

* Aided by grants from the National Cancer Institute, National Institutes of 

Health, United States Public Health Service, and the Damon Runyon Memorial 

Fund for Cancer Research, Inc. 

t Predoctorate Fellow of the United States Public Health Service (1951-52). 

Present address, Department of Biochemistry, Yale University School of Medicine, 

New Haven, Connecticut. 
t Present address, Division of Biochemistry, Department of Biology, Massa- 

chusetts Institute of Technology, Cambridge, Massachusetts. 
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per mmole) were then given per os early in the morning of the Ist rest 

day (4) and then every 4 hours for 3 days. The first egg was then laid 

the following morning, and 28 hours later the second egg was laid. 10 

hours after that time the animal was sacrificed, and the third egg was re- 

moved from the uterus before any shell formation had occurred. Prior to 

removal of the third egg the animal was anesthetized with ether; the blood 

was drained from the jugular vein and defibrinated, and the liver was 

removed. 

Isolation of Glucosamine—The ovomucoid of the egg white was used as 

the source of the glucosamine. After the egg white was separated from 

the yolk of the freshly laid egg the albumins and globulins were coagulated 

by heating at pH 5 and separated from the mother liquor. The mother 

liquor was then filtered through a layer of Celite analytical Filter-Aid 

(Johns Manville), concentrated, and mixed with 4 to 5 volumes of ethyl 

alcohol to precipitate the crude ovomucoid. This ovomucoid, after being 

dried, was then heated in 1.2 n HCl at 100° (5), and a maximal yield of 

glucosamine as determined colorimetrically (6) was obtained in 4 hours. 

The hydrolysate was then treated with a 15 per cent solution of phos- 

photungstic acid in 0.1 N HCl to precipitate the protein and basic amino 

acids and centrifuged. The supernatant solution was cooled at 4° for 24 

hours and filtered. The resulting clear filtrate was then extracted three 

times with redistilled isoamyl alcohol containing 10 per cent ethyl ether 

to remove the excess phosphotungstic acid and evaporated to dryness in 

vacuo at a bath temperature of 40°. 

An additional hydrolysis in acid was found necessary to effect a good 

yield of the a-naphthylidene derivative which was used for radioactive 

counting. This hydrolysis probably deacetylated any N-acetylglucos- 

amine and also served to split any complexes of glucosamine and phos- 

photungstic acid. To the residue remaining after distillation were added 

20 ml. of 20 per cent HCl, and the solution was heated at 100° for 2 hours. 

No glucosamine was lost by this heating. The hydrolysate was decol- 

orized with Norit and filtered, and the solution was again evaporated 

in vacuo to a thick syrup to remove the excess HCl. Since the solution 

at this point still contained contaminating amino acids, further purifica- 

tion of the glucosamine was obtained by ion exchange chromatography. 

Dowex | resin (20 to 40 mesh), which had previously been converted to 

the basic form with 1 n NaOH, then washed with 1 n Na,CO;, and again 

treated with 1 nN NaOH was used in a column of 1 cm. diameter filled 

approximately to a height of 25cm. The treatment with sodium carbonate 

appeared to remove an impurity from the resin which eluted with the 

glucosamine and interfered with the formation of the derivative. In 

order that additional cations would not be added to the influent solution, 
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the basic properties of the resin were used to neutralize the excess acidity 
and to convert the amino acids to their anionic form. The column was op- 

erated initially at 4° to minimize the destruction of the glucosamine in the 

basic solution produced by the splitting of neutral salts by the resin and also 

to slow down the rate of passage of the glucosamine through the resin. 

The cold solution of glucosamine in 40 ml. of water was passed through 

the column at a flow rate of 0.5 ml. per minute until 40 ml. of effluent 

were obtained. The pH of the effluent at this point was 10. Cold 

water was then passed through until the pH dropped to about 7, at 

which point the glucosamine started to emerge. The column was then 

Wn 2 

rs o 

Ww 2 

MG. GLUCOSAMINE:HCL Ss 
250 400 550 700 850 1000 1I50 
VOLUME OF EFFLUENT IN ML. 

Fig. 1. Elution of glucosamine from Dowex 1 (OH-) (20 to 40 mesh) by water. 

The first 80 ml. were eluted at 4° and the remainder at room temperature. 

0 8 i.e) 

warmed to room temperature and all further elution with water was done 

at a flow rate of 3 ml. per minute; 200 ml. fractions were collected. The 

use of the resin at two temperatures permitted the separation of the glu- 

cosamine from the cations present in the influent solution. A typical 

elution curve is seen in Fig. 1. 

The fractions containing the glucosamine were concentrated in vacuo to 

a final volume of about 3 ml. The purity of the concentrate, at this 

point, was determined by ascending paper chromatography on Whatman 

No. 1 paper with the use of three solvent systems: phenol saturated with 

water plus 1 per cent ammonia (7), phenol saturated with water, and 80 

per cent -propanol containing 0.8 per cent ammonium acetate (8). The 

over-all yield of glucosamine as determined by colorimetric analysis was 

68 to 85 per cent. 

The glucosamine hydrochloride was precipitated by adding acetone to 
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the concentrated eluate and by chilling the solution overnight at 4°. The 

resulting precipitate was separated by centrifugation and dried in vacuo 

over calcium chloride. The glucosamine hydrochloride was further 

purified by conversion to its 2-hydroxy-a-naphthylidene derivative by the 

method of Jolles and Morgan (9). Crystallization of the derivative by 

their method was found unsatisfactory, and the following procedure was 

followed. The dried crude Schiff base was dissolved in a minimal amount 

of absolute methanol and centrifuged to remove any insoluble residue. 

This methanolic solution was then slowly evaporated by use of a stream 

of dry nitrogen with periodic additions of small amounts of acetone to 

reduce the solubility of the derivative. When the volume was reduced to 

about 0.5 ml., the precipitate was centrifuged, and the supernatant solu- 

tion was removed. The precipitate was then washed with cold acetone 

and finally with cold water. It was then dried in vacuo, and erystalliza- 

tion was repeated. Final drying in all cases was in vacuo over P.O; at 

78°. The melting point of the derivative was 195.5-196.5° (decomposition) 

when measured in a heating bath preheated to 180°. Analysis of the 

derivative was as follows: found, C 61.05, H 5.72, N 4.18; theory, C 61.25, 

H 5.75, N 4.20 per cent. All derivatives used for radioactive counting 

were recrystallized to constant specific activity and characterized by 

melting point and nitrogen analysis. 

Degradation of Glucosamine—The radioactive 2-hydroxy-a-naphthylidene 

glucosamine was decomposed with 4 N HCl at 100°, and carrier glucos- 

amine hydrochloride was added. The 2-hydroxy-a-naphthaldehyde was 

removed by extraction with ether, and the solution was evaporated in 

vacuo to a syrup. The glucosamine hydrochloride was precipitated with 

acetone, collected by centrifugation, and dried. The recovery was 96 

per cent. The glucosamine was then oxidized to glucosaminic acid ac- 

cording to the procedure of Pringsheim and Ruschmann (10) except that, 

after evaporation in vacuo, the glucosaminic acid was precipitated as 

suggested by Wolfrom and Cron (11). The acid was recrystallized twice 

and dried in vacuo. The identity of the product was confirmed by use of 

ascending chromatography on Whatman No. 1 paper with the propanol- 

acetate solvent. The R, of glucosaminic acid in this solvent is 0.09. 

The glucosaminic acid was decarboxylated by the use of chloramine-T 

(12) in an aeration apparatus. The carbon dioxide formed was aerated 

over and collected in the usual way. The BaCQO; was plated from an 

acetone suspension on an aluminum planchet for radioactive counting. 

Quantitative yields were obtained. 

Isolation of Blood Glucose and Glycogen Glucose—The proteins in the 

defibrinated blood were removed with zinc sulfate and barium hydroxide 

according to the method of Somogyi (13). The filtrate was concentrated 
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in vacuo, and the glucose was converted to its phenylosazone according to 

the method of Feller et al. (14). The glucosazone was recrystallized to 

constant specific activity from 50 per cent ethanol. 

The liver glycogen was isolated according to the method of Good et al. 

(15). After three reprecipitations, it was dried and hydrolyzed with 0.6 

n HCl at 100° for 4 hours. The glucose formed was then converted to 

its phenylosazone. 

The osazones were plated on an aluminum planchet from an ethereal 

suspension and the naphthylidene derivative of glucosamine from acetone. 

All samples were counted to a standard error of 5 per cent with an end 

window Geiger-Miiller tube and corrected to infinite thinness. 

RESULTS AND DISCUSSION 

The feeding of the isotopic glucose-1-C“ at intervals of 4 hours was 

done in an attempt to stabilize the specific activity of the blood glucose at 

a constant level. That stabilization was fairly well attained within 9 

hours of the first feeding is shown in Table I. In this experiment the 

specific activities of the respiratory carbon dioxide collected at various 

times during the feeding period are recorded as an index of the constancy 

of the specific activities of the carbohydrate available for oxidative and 

synthetic purposes in the hen. 

The specific activity of the glucosamine isolated from the eggs after 

feeding glucose-1-C™ increased until it equaled or slightly exceeded that of 

the blood glucose and glycogen glucose (Table II). Although the specific 

activity of the glucosamine from Egg 3 was somewhat high, the specific 

activities of the glucosamine from Eggs 2 and 3 approximate closely the 

specific activities of the blood and glycogen glucose isolated. These 

data would indicate that either glucose or some closely associated meta- 

bolic product (7.e. a phosphorylated hexose) is the direct precursor of 

glucosamine. Since the specific activity of the glycogen glucose is ap- 

proximately the same as that of the blood glucose, it may be assumed 

that this glycogen glucose reflects the average specific activity of all the 

cellular hexoses of which one may be the direct precursor of glucosamine. 

The recent studies of Leloir and Cardini (16), in which enzymes from 

Neurospora crassa were used, indicate that a phosphorylated hexose ac- 

tually is the precursor. The further work of Blumenthal et al. (17) has 

demonstrated that this phosphorylated hexose is indeed fructose 6-phos- 

phate. 

Since the glucose fed was labeled only in carbon 1, the ratio of the spe- 

cific activity of carbon 1 to the average specific activity of the entire mole- 

cule should be 6 if the carbon chain of glucose was converted to glucosamine 

without any skeletal rearrangement of the chain. Partial degradation of 
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Tasie I the | 

Specific Activity of Respiratory Carbon Dioxide after Feeding Glucose-1-C™ to Hen and 
ees "i ge 

Elapsed time after initial feeding Specific activity of respiratory COz was 

oy hrs. C.p.m. per mmole the 

2 1140 that 
3 842 the 

8 992 . 
4 Em 

9 2720 1 
10 2840 
11 2890 and 

28 2940 for 
30 3010 the 
32 2890 

56 3130 

58 2850 | 

The specific activity of the glucose-1-C™ was 22.5 uc. per mmole. 4.5 mg. of glu- | in 

cose-1-C!4 were fed every 4 hours for 3 days. thi 

TaBLe II the 

Incorporation of C4 into Glucose, Glycogen, and Glucosamine aft 
" TS whe a ——— a bo 

Compound | Specific activity ' 

ae : raat = ayaa ae c.p.m. per mmole mi 

I 55h rac dsn, 9 bru imicnsbace ass aor 18,000 wi 
Es 16,600 

Glucosamine (Hgg 1).................. 781 

ss Be Ess Shae kk ete awess 16,000 
«“ ee en aa ai 22, 100 

The blood glucose and liver glycogen were obtained by sacrificing the hen 10 | 
: 2 

hours after the second egg was laid. The glucose and glycogen were counted as their | 4 
phenylosazones and the glucosamine as its 2-hydroxy-a-naphthylidene derivative. 5 

The radioactivity measurements were corrected to infinite thinness. 6 

Tasue III 7 
Specific Activities of Carbons of Glucosamine after Feeding Glucose-1-C" 

Specific activities of carbon atoms of glucosamine I 

, : 1! 
Sample Average of Specific activity of carbon 1 ‘ 

all 6 carbon | Carbon atom 1 | Average specific activity of 
atoms glucosamine carbons 

1 
c.p.m. per C.p.m. per 1 
mmole C mmole C 

Glucosamine (Egg 2)................ 2700 12,500 4.6 1 

r Gade Senne 3600 15,900 4.4 ' 

All samples were counted as BaCO;, and the radioactivity measurements were 

corrected to infinite thinness. 
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the glucosamine from Eggs 2 and 3 (Table III) showed this ratio to be 4.6 

and 4.4, respectively, and that 77 and 74 per cent of the total isotope was 

in carbon atom 1. Thus it appears that the major portion of the isotope 

was incorporated from glucose fed without any skeletal rearrangement of 

the carbon chain. The remainder of the radioactivity in the carbons other 

than carbon 1 may be assumed to have been derived from glucose in which 

the carbon atoms had been randomized via reactions concerned with the 

Embden-Meyerhof pathway. 

These results are in good agreement with the work done with bacteria 

and the rat where the carbon chain of glucose was shown to be used directly 

for the synthesis of glucosamine. In addition, the data are in accord with 

the studies in vitro of Leloir and Cardini (16) and of Blumenthal et al. (17). 

SUMMARY 

A study has been made of the origin of the carbon chain of glucosamine 

in vivo in the chicken. A method has been described for the isolation of 

this amino sugar from the ovomucoid of the egg white. It has been shown 

that approximately 75 per cent of the isotope in the glucosamine isolated 

after feeding glucose-1-C™ was in carbon atom 1 and that the ratio of car- 

bon 1 to the entire molecule was about 4.5. 

These data indicate that the major part of the carbon chain of glucosa- 

mine isolated from the ovomucoid of the egg was derived from glucose 

without scission of the carbon chain. 
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STUDIES ON THE BIOLOGICAL FORMATION OF 
GLUCOSAMINE IN VIVO* 

II. ORIGIN OF THE NITROGEN ATOM 

By SIDNEY V. RIEDER}{ anp JOHN M. BUCHANAN} 

(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 

(Received for publication, January 28, 1958) 

Although the carbon precursor of glucosamine has been studied in many 

organisms (1-5), only recently has work been done on establishing the 

precursor of the nitrogen atom. A preliminary report from this labora- 

tory (6) showed that ammonia was an excellent source of this nitrogen. 
Recent work by Leloir and Cardini (1) has shown that, in a crude enzyme 

system from Neurospora crassa, the amide group of L-glutamine was the 

precursor of the nitrogen of glucosamine. This same observation has been 

made in experiments with rat liver (7) and streptococci (8). Ammonia 

itself can also be the source of this nitrogen atom in the synthesis of glu- 

cosamine 6-phosphate by the glucosamine-6-phosphate deaminase system 

prepared from Escherichia coli (9) and from rat and pig liver (10). 

In this paper are presented the details of the previously reported find- 

ings, and data are presented showing that ammonia nitrogen is a precursor 

of the nitrogen atom of glucosamine isolated from the ovomucoid of the 

chicken egg. 

Methods and Materials 

The methods employed in the conditioning of hens of the New Hamp- 

shire Red variety and the isolation of the glucosamine from ovomucoid 

have been described (5). Samples of nitrogen for mass analysis were pre- 

pared from the various compounds by the method of Rittenberg (11). 

The radioactive samples in the case of the glycine experiment were 

counted with a thin end window Geiger-Miiller tube or in a gas flow counter 

with a 99.05 per cent helium-0.95 per cent isobutane mixture as the quench- 

ing gas. All samples were counted to a standard error of 5 per cent. 

* Aided by grants from the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, and the Damon Runyon Memorial 
Fund for Cancer Research, Inc. 

{ Predoctorate Fellow of the United States Public Health Service (1951-52). 

Present address, Department of Biochemistry, Yale University School of Medicine, 

New Haven, Connecticut. 

t Present address, Division of Biochemistry, Department of Biology, Massachu- 

setts Institute of Technology, Cambridge, Massachusetts. 
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Uric acid was isolated according to the procedure of St. John and John. 

son (12) and was characterized by its nitrogen content before degradation 

for mass analysis by one of three separate methods. In the first method 

glycine was obtained by hydrolysis of uric acid in concentrated HCl at 

150° (13) and was isolated as the benzoyl derivative. The a-carbon and 

nitrogen atom of glycine are derived from C; and N; of uric acid. The 

carboxyl carbon, however, is derived equally from C, and Cg, (14). In 

the second method uric acid was oxidized with chlorine to give nitrogen 

atoms 7 and 9 as urea and alloxan (15, 16). This latter compound was 

converted to alloxantin which was isolated and subsequently oxidized with 

PbO: to urea. This urea consists of nitrogen atoms derived from N, and 

N; of uric acid. Finally uric acid was oxidized by the alkaline peroxide 

method of Brandenberger (17) to yield oxonic acid and ammonia which is 
derived equally from N; and N;. 

N?!5-Glycine was synthesized from N'*-potassium phthalimide (East- 

man Organic Chemicals) according to the procedure of Schoenheimer and 

Ratner (18). It was then mixed with 0.5 me. of glycine-1-C" (Tracerlab), 

dissolved in water, and recrystallized by adding 5 volumes of warm ethanol 

and by cooling to 0°. The product had a N' concentration of 30.4 atom 

per cent excess and a specific activity of 0.78 we. per mmole (end window 

counter). The C“:N?! ratio was 56,700 c.p.m. per mmole per atom per 

cent excess N”’. 
In each experiment the isotopic compound contained in a gelatin capsule 

was fed to a chicken weighing approximately 2 kilos. The animal had 

previously been conditioned to lay an egg on 3 consecutive days and then 

rest a day. In the experiment with N'°H,Cl, 200 mg. were fed every 8 

hours for a total of nine feedings. 242 mg. of N'-glycine-1-C™ were fed 

in the same way. No untoward effects on the animals were noted when 

the above amounts of NH,Cl or glycine were fed over the same period of 

time in a trial experiment. Fecal droppings were collected over a 12 hour 

period, and the pooled droppings were used for the isolation of uric acid. 

RESULTS AND DISCUSSION 

Feeding of N“*H,Cl—It has been shown that ammonia N is readily 

incorporated into uric acid (19, 20). More recent work by Sonne et al. 

(16), Shemin and Rittenberg (21), and Levenberg et al. (22) has established 

the precursors of each of these nitrogen atoms. This work has demon- 

strated that N, of uric acid is derived from aspartic acid, N; and Ng from 

the amide nitrogen of glutamine, and N; from the glycine nitrogen. There- 

fore the uric acid excreted was used as a comparative index of the efficiency 

of the incorporation of N'®H,Cl into glucosamine. 

Eggs were laid by the hen 26, 54, and 81 hours after the initial feeding 
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of N'H,Cl. After missing the next day two more eggs were laid. This 

latter cycle was repeated; a total of seven eggs from which glucosamine 

was isolated and analyzed for N™ concentration was obtained. The re- 

sults of the experiment are shown in Fig. 1 where average N' values of the 

uric acid are compared to the values for the N'® concentration of the glu- 

cosamine. The values for glucosamine are plotted for the estimated time 

of egg white deposition about the yolk of the egg. This egg white depo- 

sition, which occurs 3 to 4 hours after ovulation (23), is followed rapidly 

by the formation of a shell membrane, thus rendering the egg white met- 

abolically inert with respect to the rest of the body. The shell is formed 

during the remainder of the time before the egg is laid. Since the dura- 

LAST ; 
FEEDING 

Nn Y 

> 2.0: 

8 INAV 
w 1.53 ri 

O 
x< ‘ 
uJ f 

xe 104! 
2 U 

0.5 
q 

ye es ee 
TIME IN DAYS 

Fic. 1. Incorporation of N* into uric acid and glucosamine after feeding N'°H,Cl 

toahen. X, the uric acid; O, glucosamine. The N** concentration of the glucos- 

amine is plotted at an approximated time of egg white formation. 

tion of the laying cycle was about 26 hours, an arbitrary value of 18 hours 

was subtracted from the time the egg was laid to approximate the time 

of egg white formation. The N' concentration of the glucosamine at this 

time is then an average measure of the N'® incorporated during the pre- 

ceding period. The use of this estimated time demonstrates better the 

relationship of the N'® concentration of the glucosamine to the N’ con- 

centration of the uric acid as a function of time. 

The curve shows that the incorporation of N' into the glucosamine 

from fed N5H,Cl is very rapid and occurs at roughly the same rate as N™® 

incorporation into uric acid. It would appear, therefore, that both the 

glucosamine and uric acid have a nitrogen precursor in common. 

The jagged appearance of the uric acid curve can be attributed to the 

fact that two isotopic feedings occurred during one 12 hour period in which 

droppings were collected, while only one feeding occurred during the next 
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collection period. This double feeding would tend to keep the N"® concen- 
tration of the uric acid precursors higher. At the cessation of feeding 

N'°H,Cl the N concentration of the uric acid dropped off precipitously, 
evidence indicating that the N'* concentration of the uric acid precursors 

diminished rapidly. This is to be expected, because uric acid is synthesized 

rapidly in the bird and then excreted; the isotopic concentration of the uric 

acid thus would reflect directly the isotopic concentration of its precursors, 
Contrarily, the N' concentration of the glucosamine isolated after the 

cessation of feeding N'°H,Cl dropped off more slowly. Thus glucosamine 

after synthesis is utilized less rapidly in the bird than is uric acid. These 

data can be interpreted as meaning that the glucosamine used for ovomucoid 

TABLE I 

Degradation of Uric Acid after Feeding N15H,Cl to Hen 

Nitrogen atom N'5 concentration 

atom per cent excess 

a ee 2.00 

RS ibs ac oy oN iS linda wera henaian 0.68 

on EGS Sie ene he enue ee 2.03 
SINE eco ed ccc bas ccg ava wewite toa de 1.87 

EL 5 ate hc taothvndiadeb katate uns | 0.85 
ATES 2a Sa ane nee oe a } 1.02 

MER ch Ratt eradicalars soniuhinns eeueconaeaeeterato aa 3.04 

RR ree See he, eee a Are ee ee 3.06 

The N'® concentration of the various nitrogen atoms of uric acid was calculated 
as follows: Ni = 2(Ni + N7) —_ Nz, N; = 2(N; + N3) -_ Ni, No = 2(Nz + No) = N:. 

synthesis is either in equilibrium with the general body stores of glucosa- 

mine or at least with a pool which is used for ovomucoid synthesis. If 

the glucosamine were synthesized for immediate use in ovomucoid syn- 

thesis, its isotopic concentration would be expected to have diminished as 

rapidly as did that of the uric acid after cessation of the administration of 

the N!°H,Cl. 

Since the data indicated that a precursor of uric acid may well be a | 

precursor of the nitrogen of glucosamine, the uric acid collected at the 

point at which maximal incorporation of N'® into glucosamine occurred 

was degraded. The results of this degradation are shown in Table I. The 

value of the glucosamine isolated at this point was 1.83 atom per cent 

excess N'®. The low values obtained for atoms 1 and 7 of the uric acid 

would presumably exclude aspartic acid and glycine as precursors for the 

nitrogen of the glucosamine. Although the values for atoms 3 and 9 of 

the uric acid are high compared to that for glucosamine, they are close enough 
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to the glucosamine value to be consistent with the point of view that all 

three nitrogen atoms share a common nitrogen precursor. This is espe- 

cially true, since the exact time at which the ovomucoid was synthesized 

prior to incorporation into the egg is not known and the value of the uric 

acid is an average of this period. Thus glucosamine may have been synthe- 

sized at a time when the value of the isotopic concentration of ammonia 

incorporated into atoms 3 and 9 of the uric acid was somewhat lower than 

in the sample actually degraded. Since the amide nitrogen of glutamine 

is the actual precursor of atoms 3 and 9 of uric acid, these results would 

imply that the amide group of glutamine is also involved as the direct pre- 

cursor of the nitrogen atom of glucosamine. This is consistent with the 

known fact that glutamine may be readily synthesized in animal tissues 

from glutamic acid and ammonia (24). Although these data cannot de- 

termine whether ammonia or glutamine is the actual donor of the amino 

group of glucosamine, there is no reason to assume that the mechanism 

of the reaction is any different from that suggested by enzymatic experi- 

ments (1, 7, 8). 

Feeding of N**-Glycine-1-C'—Although it has been shown that the car- 

bon skeleton of glucose is used intact for the synthesis of glucosamine in 

the hen, the similarity of the location of the amino group in the 2 position 

of amino acids and glucosamine suggested the possibility that glucosamine 

might also be formed by a condensation of an amino acid and a carbon 

fragment. Such a reaction can be visualized as a condensation of glycine 

with a tetrose. To test such a hypothesis N™-glycine-1-C™ was fed to a 

hen, and the glucosamine was isolated as before. Since glycine is in- 

corporated intact into uric acid, the uric acid could again serve as an index 

of the isotopic concentration of the glycine available intracellularly for 

synthetic purposes. If glycine per se is an actual precursor of glucosamine, 

the C“%: N!§ ratio should be the same in the glycine isolated from the uric 

acid as that in the glucosamine. 

Eggs were laid 29, 74, 102, 146, 175, and 218 hours after the beginning 

of the feedings. The data obtained are given in Table II. The ratios of 

C*: N15 in the glycine isolated from three samples of uric acid were 38,900, 

38,700, and 33,300 c.p.m. per mmole per atom per cent excess N!® com- 

pared to the initial ratio of 56,700 present in the glycine administered, 

while ratios in the glucosamine isolated at comparable times were 1330 and 

1090. These data indicate that glycine was not used intact for glucosamine 

synthesis and that the nitrogen of glycine was used more readily than was 

its carbon chain. 

Turnover Rate—At the cessation of the feeding of the isotopic compounds, 

the decay rate of glucosamine could be determined by the measurement of 

the isotopic concentration of glucosamine isolated from successive eggs. 
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TABLE II 

Isotopic Concentration of Glucosamine, Uric Acid, and Glycine (Derived from 

Uric Acid) after Feeding N'*-Glycine-1-C' to Hen 

N'5 (atom per cent excess) C™ (c.p.m. per mmole) 
Elapsed time after | 

initial feeding ae eS j 

Glucosamine* | Glycine Uric acid | Glucosamine* Glycine 

hrs. | | | 

11 | 0.028 | 0 | 
12 | 0.51 | | 
24 | 1.05 | 
36 | | 0.79 | | 
48 | | 2.28 | 1.29 | 88,800 
56 0.382 | 509 (2880)t 

66 2.09 | 1.16 | 80, 800 

Feeding of isotope was stopped 

72 1.34 | 0.73 | | 44,600 
84 | 0.478 | | 523 (3000) 

128 | 0.210 | | 180 (1160) | 
157 | 0.160 | | 110 (570) 
200 | 0.116 | 70 (407) | 

* The glucosamine isotope concentration is recorded at the approximate time of 
egg white formation. 

+t The values in parentheses were obtained with a gas flow counter and used for 
the determination of the half life of the glucosamine. All other counts were ob- 
tained with a thin end window Geiger tube. 

ry +30 
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Fig. 2. Decay curves of glucosamine after feeding N'5-glycine-1-C'* and N45H,Cl. 

The (O) plot was obtained from the N'5-glycine experiment and the (@) plot from 

feeding N'5H,Cl. The (A) plot was obtained from the glycine-1-C™ experiment. 

The time is plotted as that approximated for egg white formation. 
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This decay rate followed first order kinetics. This was true for both the 

N" and the C™ experiments. The method of least squares was used to 

obtain the slope of the semilog plot of isotopic concentration versus time 

(Fig. 2). This value was used to calculate the velocity constant, and it, in 

turn, was used to determine the half life values. In the experiment in 

which N'°H,Cl was fed, a value of 1.8 days was obtained, while a value of 

2.3 days was obtained when N!-glycine was used. The specific activity 

of the glucosamine-C™ determined with a gas flow counter permitted the 

calculation of the half life of the carbon chain of glucosamine. This value 

was found to be 1.6 days. The agreement of the values obtained for both 

nitrogen and carbon of glucosamine indicates that the entire molecule of 

glucosamine used for ovomucoid synthesis has a half life of about 1.6 to 

2.3 days. 

The authors would like to express their appreciation to Dr. Sidney Wein- 

house and the Houdry Process Corporation, Marcus Hook, Pennsylvania, 

for the N' analyses, and to Dr. H. Brandenberger for the alkaline peroxide 

degradation of the uric acid. 

SUMMARY 

The origin of the nitrogen atom of the glucosamine isolated from the 

ovomucoid of the egg white has been investigated by the feeding of N' 

compounds. It has been shown that fed N'H,Cl was as readily incorpo- 

rated into the glucosamine as into the uric acid. The correspondence of 

the concentration of N™ in the glucosamine and in positions 3 and 9 of 

uric acid after administration of N'5-labeled ammonium salts suggests that 

either glutamine or ammonia may be an intermediate in the synthesis of 

glucosamine in the bird. 

N'5-Glycine-1-C™ was fed to a hen. Although the nitrogen of the fed 

glycine could be utilized for glucosamine synthesis to some extent, its 

carbon was not. 

The decay curves obtained after cessation of feeding N” and C" fol- 

lowed first order kinetics and permitted the calculation of the half life of 

the glucosamine. A value of 1.6 to 2.3 days was found. 
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INTRAMITOCHONDRIAL NUCLEOTIDES* 

I. SOME FACTORS AFFECTING NET INTERCONVERSIONS 

OF ADENINE NUCLEOTIDES 

By BERTON C. PRESSMAN 

(From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 

(Received for publication, November 26, 1957) 

Ample evidence exists that the vital properties of mitochondria are in- 

fluenced by factors other than the intrinsic properties of their component 

enzymes. Accordingly, two approaches to the study of mitochondrial 

function can be differentiated. One may elect to proceed by isolating 

purified enzymes or simplified enzyme systems, the disengagement of which 

from the modifying influences of the mitochondrial structure facilitates 

accurate determinaton of their biochemical and physical properties. The 

drawback here is that the more purified the material, and consequently the 

more precise the study possible, the less the certainty about its properties 

under conditions existing within the living, functioning mitochondrion. 

Alternatively, study techniques applicable to intact mitochondria can be 

improved, yielding information containing both enzymic and structural 

factors which must then be resolved. The work to be presented has been 

guided primarily by this latter approach. The mitochondrial process of 

principal concern, oxidative phosphorylation, has been cited particularly 

often as susceptible to modification by structural alteration of mitochondria 

(1-5). 

It had been observed earlier that, when mitochondria carry out oxidative 

phosphorylation with added AMP! or ADP as the ultimate phosphate 

acceptor, an abrupt inhibition of both oxidation and phosphorylation sets 

in 5 minutes after the addition of the adenine nucleotide (7). This inhibi- 

tion can be overcome by conditions retarding the accumulation of ATP; 

yet the time interval between the addition of the adenosine nucleotide and 

the onset of the inhibition cannot be altered by wide variations in the con- 

centrations of AMP, ADP, and ATP, as long as some AMP or ADP re- 

mains available to be phosphorylated. This suggested that the key to 

* Supported by grants from the American Cancer Society and the National Insti- 
tutes of Health. 

1The following abbreviations are used: AMP, adenosine monophosphate; ADP, 

adenosine diphosphate; ATP, adenosine triphosphate; “‘AD’’ and ‘‘ADX,”’ the two 

unidentified nucleotides designated as such by Siekevitz and Potter (6); TPN, tri- 

phosphopyridine nucleotide; P, inorganic phosphate; CMP, cytidine monophosphate; 

DNP, 2,4-dinitrophenol. 
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the mechanism of the adenylate inhibition phenomenon lay in the status 

of the intramitochondrial nucleotides and their relationship to the extra- 

mitochondrial nucleotides. Accordingly, the present investigation was 

undertaken. 

Thus far, mostly negative data have been obtained concerning the adenyl- 

ate inhibition phenomenon, but many useful techniques and facts have 

resulted from the study which have revealed hitherto unsuspected degrees 

of complexity of mitochondrial organization. The present paper will be 

confined to consideration of some factors governing changes in the mito- 

chondrial adenosine nucleotide levels and attempt to develop general con- 

cepts of mitochondrial physiology from these factors. 

EXPERIMENTAL 

Methods 

Rat liver mitochondria were prepared by a modification of the method 

of Schneider (8) in 0.25 M sucrose containing 0.001 m Versene, pH 7.4. 

The liver was homogenized in 2 volumes of sucrose-Versene in a Teflon- 

glass tissue grinder. By calibration of the Servall high speed head accord- 

ing to the gravity-minute procedure of de Duve and Berthet (9), it was 

possible to work up 50 to 70 gm. of tissue in about 2 hours. 

For incubation experiments, mitochondria were added to the reaction 

mixture, giving a final concentration equivalent to 0.5 gm. of original liver 

per ml., the final volume being either 12 or 24 ml. One or two 10 ml. ali- 
quots were withdrawn at the appropriate time intervals by means of a 

calibrated pipette fitted with a rubber bulb, quickly cooled, and gently 

layered over a sucrose gradient in a 30 ml. plastic centrifuge cup of the 

International centrifuge high speed head. The sucrose gradient consisted 

of three unmixed layers of the following composition: bottom layer, 0.02 

KF, 0.001 m Versene, pH 7.4, sucrose to a final specific gravity of 1.10; 

intermediate layer, 0.001 m Versene, sucrose to a final specific gravity of 

1.08; top layer, 0.001 m Versene, sucrose to a final specific gravity of 1.06. 

The tubes were spun with minimal delay at maximal velocity (about 

30,000 * g) for 4 minutes. When required, a 1 ml. aliquot was carefully 

withdrawn from the surface layer, following centrifugation, for extramito- 

chondrial nucleotide analysis. The remainder of the medium and sucrose 

layers were removed by aspiration, and the mitochondrial pellet was briefly 

rinsed with cold sucrose. Since the sucrose layers remain intact during 

the centrifugation, the mitochondria are, in effect, thrice washed during 

their passage through the gradient. The efficiency of this procedure in 

freeing mitochondria from contaminating medium was established by 

labeling the medium with glucose-1-P®O, to which mitochondria are im- 
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permeable. Less than 0.2 per cent of the total counts added was found 

associated with the pellet. The nucleotides were then extracted from the 

mitochondrial pellet with 5 ml. of cold 0.5 mM HCIQO, with the aid of a spheri- 

cal glass homogenizer prefitted to the contours of the centrifuge tube. 

The HClO, residue was washed with a second 5 ml. portion of HClO,; the 

combined extracts were neutralized to phenol red with 5 m KOH and al- 

lowed to stand at 0° for at least an hour to aid precipitation of the KCIO,. 
Finally the supernatant fractions were decanted onto Dowex 1 columns 

and chromatographed by a modification of the procedure of Siekevitz and 

Potter (6). 

The columns consisted of glass tubes (1 cm. inside diameter) with sealed 

in fritted glass disks; they were packed with resin to a height of 3 cm. and 

eluted with 6 ml. fractions according to the scheme given in Fig. 1. Since 

the properties of the resin varied considerably from batch to batch, it was 

necessary to modify the solvent elution schedule anew for each batch of 

resin. These variations in resin batches are inherent in the resin itself and 

are not altered by variations in the procedures by which the resin is broken 
in and purified. Indeed, certain batches of resin meeting the manufac- 

turer’s standards proved totally unusable for nucleotide analysis, owing to 

poor resolving ability or the high background absorption imparted to the 

column eluents. The nucleotide content of the column eluents was de- 

termined by the ultraviolet absorption at 265 my rather than at the more 

conventional 260 my in order to minimize the ultraviolet absorption of 

formic acid. When it was desired to characterize nucleotide bands by 
spectral ratios, the 280:265 ratio was determined, as it is characteristically 

different for each of the common nucleotide bases. 

Inorganic phosphate was determined by the King method (10) and mito- 

chondrial nitrogen by direct nesslerization. 

Materials 

Dowex 1-X10 resin, chloride form, 200 to 400 mesh, was either obtained 

in the purified form from the Bio-Rad Corporation and converted to the 

formate by washing with 3 mM sodium formate or obtained in raw form di- 

rectly from The Dow Chemical Company and prepared as follows: The 

crude resin was put through two hydroxyl] and chloride cycles with NaOH 

and HCl, following which the resin was floated on strong sodium formate 

solution. The sedimenting deep colored heavier material was discarded. 
The resin was then washed thoroughly with 3 m sodium formate and sized 

by repeated sedimentation in water so as to remove about 25 per cent of the 

finer meshed resin, as well as about 5 per cent of the coarser meshed and 

deeply colored material. 7 ml. eluents required about 17 minutes to drain 

through columns of the purified resin. 
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Hexokinase, grade “crude type II,” was obtained from the Sigma Chemi- 

cal Company. The pure nucleotides used in the incubation experiments 

or in “spotting” chromatograms were from the Pabst Laboratories. 

Results 

Owing to variations among mitochondrial preparations, it was deemed 

advisable to present data obtained from a series of experiments conducted 

on a single preparation rather than to attempt comparisons of experiments 

done with different preparations on different occasions. Two experimental 

series embracing the most pertinent sets of conditions were selected for 

presentation, but the conclusions based on these are consistent with many 
other experiments. 

Complete Chromatogram—The upper chromatogram of Fig. 1 shows the 

complete nucleotide pattern obtained from mitochondria prior to incuba- 

tion. The principal components of the various bands are indicated as 

well as the solvent elution schedule. It is not essential for the inferences 

which will be drawn from such chromatograms that the bands be pure or 

homogeneous, since it is improbable that any impurities would undergo 

band shifts identical to those of the components being studied. Thus by 

comparison of band shifts rather than the absolute band magnitudes, ab- 

sorptions due to other components not undergoing changes will largely 

tend to cancel out. 

For comparison the nucleotide pattern of a corresponding aliquot of 

mitochondria, which had been incubated in a medium of free phosphate 

acceptor, is given in the lower chromatogram of Fig. 1. The principal 

effects of such an incubation are the decrease of the AMP and ADP bands 

and the corresponding increase of the ATP band as compared to the 

original mitochondria. The diminution of the “AD” and “ADX” bands 

and the related increase in the TPN band are rendered accountable by 

establishment of the origin of the main components of these bands as 

acid breakdown products of dihydrodiphosphopyridine and _ dihydro- 

triphosphopyridine nucleotides, respectively (11). 

To facilitate comparisons within the experiments, the data obtained by 

integration of chromatograms analogous to those of Fig. 1 have been con- 

verted to bar graph form. Thus, in Fig. 2, Experiments A and D are de- 

rived from the lower and upper chromatograms, respectively, of Fig. 1. 

When it is intended to refer simultaneously to the analogous experiments 

of both Fig. 2 and Fig. 3, an experimental series is designated by letter; 

i.e., Series A implies Fig. 1, Experiment A, and Fig. 2, Experiment A, con- 

sidered collectively. 

Substrate-Free Systems—If the substrate is omitted from the complete 

phosphorylating system (Fig. 2, Experiment B), the added ATP in the 
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medium is only slightly less effective in phosphorylating the intramito- 

chondrial nucleotides than when substrate is present (cf. Fig. 2, Experiment 
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Fic. 1. Chromatography of mitochondrial nucleotides. The figures describing 

eluents represent molarity of formic acid or ammonium formate. Ammonium for- 

mate prepared by titrating known molarity of formic acid with ammonium hydroxide 

to pH 5.0. Lower chromatogram obtained by acid extraction of freshly prepared 

mitochondria; the conditions for incubation of mitochondria used in upper chroma- 

togram given under Fig. 2, Experiment D, and procedure of extraction described 

under ‘““Methods.’’ The principal components of the chromatographic bands are 

indicated. 
Fig. 2. Experiment A consists of nucleotides extracted from untreated mitochon- 

dria (11.8 mg. of N) derived from 5 gm. of original liver tissue. In Experiments B 

through I, mitochondria (11.8 mg. of N per 10 ml. aliquots) were incubated in a 
medium containing the following as final concentrations: 0.022 m KCl, 0.0045 m 

MgCls, 0.010 m KPO,, pH 7.4, and 0.20 m sucrose and were shaken at 30° for the in- 

dicated time following the last addition. To Experiment B was also added 0.0017 

m ATP and to Experiment C 0.0017 m AMP. A stream of moist O2 was blown across 

the surface of the reaction mixtures of Experiments D through I, and their medium 

was supplemented with 0.0017 m ATP and 0.010 M a-ketoglutarate. After a 5 minute 

preincubation period of the mitochondria, further additions were made as follows: 
Experiments E-F and H-I, 0.017 m AMP; Experiments G and H-I, 0.03 m glucose plus 

0.6 mg. per ml. of hexokinase. 

D). Conversely, if ATP is replaced by AMP (Fig. 2, Experiment C), 

there is a shifting of nucleotides towards the less phosphorylated species, 

but, even though the added nucleotide is AMP, ADP predominates in the 

mitochondria. In Fig. 3, Experiment B and Experiment C have been 

repeated, this time without phosphate in the medium. The results re- 

semble those of Fig. 2. The phosphorylation brought about by ATP, 
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however, is less complete, while AMP produces a more complete dephos- | the 
phorylation inasmuch as AMP rather than ADP predominates (cf. Fig. 2,} shift 
Experiment C). There is also some indication that mitochondria retain | Seri 
less of the adenine nucleotides in the absence of phosphate. | The 

The amount of inorganic phosphate found associated with the mito-| kin 
chondria is influenced by many factors. Some loss of phosphate occurs | 2, E 
occasionally during centrifugation of unincubated mitochondria through | cho 
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Fig. 3. The reaction vessels contained mitochondria equivalent to 7.8 mg. of wl 
N per 10 ml. aliquot. Basic incubation media and conditions same as those of cor- aa 
responding experiments of Fig. 2 except for omission of phosphate from Experiments in 
Band C. After the preincubation period, further additions were made as follows: al 
Experiment E-F, 0.01 m ATP; Experiments G, H, I, and J, 0.03 m glucose plus 0.6 ec 
mg. per ml. of hexokinase; Experiment H, 0.006 m AMP; Experiment J, 5 X 10-' w 
DNP. In Experiment I 0.025 m guanidine chloride was present during the preincu- - 
bation. 

tt 
. , . . i , a the sucrose gradient. The intramitochondrial P is further influenced by 7 

the concentration of P in the incubation medium (cf. Fig. 2, Experiments ‘ 
B and C, with added phosphate and Fig. 3, Experiments B and C, without 

— added phosphate). Without evaluating the extent to which the apparent 
differences are due to actual changes in the intramitochondrial P concen- | = 
tration or changes in the ability of mitochondria to retain P during passage 
through the sucrose gradient, in each case one can observe that mitochon- | 
dria incubated in the absence of substrate with ATP (Series B) contain 
considerably more P than those of the analogous AMP-containing experi- 

] 

ment (Series C). 

Complete Systems with Added Phosphate Acceptors—If AMP is added to 
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the system free of phosphate acceptor, i.e. Series E and F, there is some 

shift of adenosine nucleotides towards the less phosphorylated forms (cf. 

Series D), but not as extensive as in the absence of substrate (cf. Series C). 

The distribution of nucleotides is not significantly altered if glucose-hexo- 

kinase substitutes for (Series G), or is added along with (Series H and Fig. 

2, Experiment I), AMP, despite the considerable alterations in extramito- 

chondrial nucleotide distributions introduced in this manner. 

Supplementing the medium with AMP (Series E, F, and H) increases the 

total quantity of intramitochondrial nucleotides (cf. Series D and G). 

This relationship between the magnitude of the intramitochondrial and 

extramitochondrial adenine nucleotide pools is not simple however. In 

Fig. 2, although the adenine nucleotide concentration in the medium is 

over 5-fold greater in Experiment F than in Experiment D or Experiment 

G, the intramitochondrial level is less than doubled. This net infusion of 

adenine nucleotides into mitochondria is a relatively slow process, as can 

be seen by comparing Series E with Series F and, in Fig. 2, Experiment H 

with Experiment I. The increase of intramitochondrial nucleotides is 

due primarily to an increase of ADP. 

Preliminary experiments have indicated that added AMP cannot increase 

the intramitochondrial nucleotides in the absence of substrate or in the 

presence of DNP. This suggests that actively phosphorylating mitochon- 

dria, which would therefore be capable of converting AMP to ADP, are a 

prerequisite condition for the net accumulation of adenine nucleotides 

within the mitochondria. Studies with isotopically labeled nucleotides, 

which will be reported on in a subsequent paper, preclude relating this slow 

infusion process to mitochondrial permeability, since, even at 0°, the intra- 

and intermitochondrial adenine nucleotides are in an extremely rapidly 

equilibrating dynamic state. 

Phosphorylation-Inhibited Systems—The adenylate inhibition phenome- 

non is illustrated in Fig. 4 with data obtained from the same reaction mix- 

tures employed in Fig. 2 by periodic removal of aliquots for phosphate an- 

alysis. It is apparent from the AMP curve that the mitochondria analyzed 

in Fig. 2, Experiment F, had, indeed, entered this inhibitory phase, but 

that the mitochondria of Experiment E had not yet done so. As expected 

from previous experiments, the inhibition did not show up in the curves 

marked hexokinase-glucose or AMP + hexokinase-glucose corresponding 

to Fig. 2, Experiment G or H, respectively. Data obtained in a similar 

fashion established that analogously, in Fig. 3, Experiment F, but not 

Experiments E, G, and H, represented mitochondria from this inhibitory 

phase. No obvious reflection of the adenylate phosphorylation inhibition 

could be seen by comparison of the experimental Series F with actively 

phosphorylating mitochondria. 
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The adenylate inhibition can also be prevented or reversed by 3 X 10-5 

M DNP, and it is attenuated by surface active agents, such as deoxycholic 

acid, known to impair phosphorylation. The possibility of inhibition due 

to the gradual accumulation of soluble inhibitory products of metabolism 

is rendered unlikely by the fact that the duration of the induction period is 

unmodified by variations in the mitochondrial concentration above a criti- 

val level of about 0.5 mg. of mitochondrial nitrogen per ml., below which 

the phenomenon fails to appear. 

Hollunger has reported that high concentrations of guanidine exert an 

inhibitory effect on mitochondria similar to the adenylate effect described 

above, in that, after a short time delay, both respiration and phosphoryla- 

tion are inhibited and that respiration can be restored by DNP, although 

10 
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Fic. 4. Phosphorylation rates with different phosphate acceptors. Aliquots were 

taken at 1 minute intervals from the appropriate reaction vessels also used in Fig. 2. 
Thus the AMP curve was obtained from Experiment E-F, the hexokinase-glucose 

curve from Experiment G, and the AMP + hexokinase-glucose curve from Experi- 
ment H-I. 

in this case not by hexokinase-glucose (12). Since the inhibitions induced 

by guanidine and adenylate have many points in common, it was of interest 

to compare the mitochondria under the influence of each agent. As in the 

case of AMP (Series F) guanidine inhibition produced no significant al- 

teration of the nucleotide pattern (Fig. 3, Experiment I). Guanidine did, 

however, produce a marked increase in the intramitochondrial inorganic 

phosphate content. The procedures described have yielded no further 

clues about the mechanisms of these inhibitions, but the accumulation of 

inorganic phosphate induced by guanidine, but not by AMP, suggests that 

the two phenomena are basically different. 

A third method of inhibiting phosphorylation was the addition of DNP. 

The resulting situation differs from the previously described systems, 

however, since this agent greatly stimulates mitochondrial ATPase, which, 

in itself, might be expected to alter the intramitochondrial nucleotide dis- 

tribution. Furthermore, DNP fails to inhibit respiration. 

It was surprising to find that DNP (Fig. 3, Experiment J) causes the 
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conversion of intramitochondrial ATP to ADP and not to AMP as pre- 

viously reported (6). This experiment has been repeated some half-dozen 

times with the same result. The extensive effects of DNP on the more 

dynamic interrelationships between extra- and intermitochondrial nucleo- 

tides will be dealt with in another paper. 

A second effect of DNP was to bring about a loss of intramitochondrial 

phosphate. In Series E through I there has been considerable depletion of 

inorganic phosphate from the medium owing to esterification during oxida- 

tive phosphorylation (cf. Fig. 4) and, as has been pointed out, this in itself 

leads to some depletion of intramitochondrial phosphate. This factor is 

operating most extensively in Fig. 2, Experiment I, and Fig. 3, Experiment 

F, and does much to account for the low inorganic phosphate levels ob- 

served in these instances. Thus, in Fig. 3 the only experiments containing 

comparable amounts of phosphate in the medium are Experiment D and 

Experiment J, and here the phosphate-depleting effect of DNP is apparent. 

In other experiments, particularly when the concentration of DNP was 

raised, this effect was even more pronounced. The depletion of intramito- 

chondrial P by DNP has also been reported by Werkheiser and Bartley 

(13). 

DISCUSSION 

The technical problems involved in effecting an instantaneous and quan- 

titative separation of actively metabolizing mitochondria from an incuba- 

tion medium are difficult to overcome completely. In the method here 

employed artifacts may arise from the effects of the hypertonic sucrose 

gradient on mitochondria, loss of material by diffusion or gain by adsorp- 

tion, and interconversion of mitochondrial nucleotides following separation 

but before fixation. These factors are all difficult to assess. Nevertheless, 

technical improvements and extension of experimental scope have been 

made as compared with the initial work of Siekevitz and Potter (6). 

Since the inception of the present work two additional methods for 

rapidly separating mitochondria from an incubation medium have appeared 

which offer certain advantages of rapidity of fixation (13) and simplicity 

(14), but these in turn have drawbacks in other respects. The most valid 

basis for appraisal of the techniques described in this paper is probably the 

consistent and reproducible picture of mitochondrial properties which can 

be drawn from the data so obtained. 

The following conclusions about mitochondrial physiology may be ab- 

stracted from the experiments which have been detailed. 

The total concentration of intramitochondrial adenine nucleotides is 

determined primarily by the inherent properties of the particles and is not 

easily influenced by the extramitochondrial adenine nucleotide concentra- 

tion. 
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Under the conditions of active phosphorylation and high extramitochon. 
drial adenine nucleotide concentrations, there is a slow build up of the 

intramitochondrial adenine nucleotide concentrations, chiefly as the species 

ADP. The infusion of adenine nucleotides into the mitochondria is greatly 

inhibited by the addition of DNP, failure to provide a sufficient concentra- 

tion of extramitochondrial nucleotide, or omission of a phosphate-acceptor 
system. 

The distribution of adenine nucleotides can be influenced considerably 
by the extramitochondrial adenine nucleotide distribution. The former 
then reflects the degree of phosphorylation of the latter. 

When actively phosphorylating in the presence of a phosphate-acceptor 

system, the intramitochondrial adenine nucleotide distribution remains 

essentially unaltered over wide variations of extramitochondrial adenine 

nucleotide distributions. Such variations were most conveniently pro- 

vided by permitting the system to phosphorylate over a time interval 

sufficient to shift the extramitochondrial nucleotides towards the more 

phosphorylated forms or by comparison of a system without hexokinase- 

glucose with one otherwise identical but with hexokinase-glucose to main- 

tain the adenine nucleotides in a less phosphorylated state. 

The intramitochondrial adenine nucleotides are not freely subject to an 

adenylate kinase type of equilibrium. This is supported by the failure of 

a dephosphorylation of intramitochondrial ATP to ADP, either by the 

action of AMP in the presence of phosphate and absence of substrate (Fig. 

2, Experiment C) or by the failure of DNP (Fig. 3, Experiment J) to cause 

any considerable accumulation of AMP. The discrepancies between this 

conclusion and an opposing one reached by Siekevitz and Potter (6) are 

possibly accounted for by the different techniques employed and differ- 

ences in the original state of the mitochondria. 

The intramitochondrial phosphate concentration, in distinction from 

that of the adenine nucleotides, varies with the extramitochondrial concen- 

tration (cf. Fig. 2, Experiments B and C, with Fig. 3, Experiments B and C), 

but other factors are superimposed on this. 

In the absence of substrate, both in the presence or absence of extra- 

mitochondrial phosphate additions, ATP maintains higher intramitochon- 

drial phosphate concentrations than does AMP. Incubation of mitochon- 

dria in the presence of the complete, acceptor-free system also increases the 

intramitochondrial phosphate (cf. Fig. 2, Experiment A, with Fig. 2, 

Experiment D), which is apparently another reflection of the ATP effect 

on intramitochondrial P. 

The intramitochondrial phosphate concentration is also affected by agents 

which influence oxidative phosphorylation. Thus DNP causes some loss 

of intramitochondrial phosphate, while guanidine enhances the accumula- 

tion of P by the mitochondria. 
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Despite the limited effects of the extramitochondrial adenine nucleotide 

concentration on the intramitochondrial concentration, other experiments 

with isotopically labeled nucleotides have demonstrated that there is an 

extremely dynamic interchange of nucleotides between the mitochondria 

and the medium. These findings would be reconciled by the hypothesis 

that there exists within the mitochondria a fixed quantity of some integral 

component of the mitochondria which has an affinity for adenine nucleo- 

tides strong enough to prevent their loss by washing. Nucleotide in excess 

of that needed to saturate this component is either easily washed out of the 

mitochondria or else fails to accumulate within the mitochondria for other 
reasons not yet understood. The affinity between adenine nucleotides 

and this hypothetical component is great enough, however, to interfere 

with the free interconversion of the different phosphorylated species of the 

adenine nucleotides both within and without the mitochondria. Thus the 

bound molecules of adenine nucleotide would be susceptible to easy dis- 

placement by free nucleotide molecules entering the mitochondria from the 
medium. The binding component may, however, exert enough influence 

on the intramitochondrial nucleotides to account for those cases cited in 
which the distribution of intramitochondrial adenine species is markedly 
different from the extramitochondrial distribution. 

SUMMARY 

1. Techniques have been described for the rapid and complete separation 

of mitochondria from an incubating medium. Improved methods have 

been developed for the extraction and resolution of the mitochondrial 

nucleotides. 

2. The effects of several incubation conditions, such as variation of 

phosphate-acceptor systems and addition of inhibitors of phosphorylation, 

on the intramitochondrial adenine nucleotide distribution have been de- 

scribed. 

3. The intramitochondrial nucleotide distribution and concentration 

were found to be no simple function of the extramitochondrial nucleotide 

distribution and concentrations, but depended for the most part on other 

factors within the mitochondria. 

4. Some attempt has been made to chart those physiological properties 

of mitochondria responsible for governing the interconversion of adenine 

nucleotides both across the mitochondrial membrane and within the mito- 

chondria. 

The author wishes to thank Dr. H. A. Lardy for many valuable sugges- 

tions and criticisms during the course of this work and the preparation of 

this manuscript. The technical assistance of Miss Katherine Mueller and 
Mr. Albert Kuschel is also gratefully acknowledged. 
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THE QUANTITATIVE HISTOCHEMISTRY OF THE BRAIN* 

V. ENZYMES OF GLUCOSE METABOLISM 

By MARY V. BUELL,+ OLIVER H. LOWRY, NIRA R. ROBERTS, 
MEI-LING W. CHANG, ano JOYCE I. KAPPHAHN 

(From the Department of Pharmacology and the Beaumont-May Institute of 

Neurology, Washington University School of Medicine, St. Louis, Missouri) 

(Received for publication, January 22, 1958) 

The importance of glucose for nervous function has long been recognized. 

This paper is a report of the histochemical distribution in certain parts of 

the brain of seven enzymes which are known to act upon hexose or hexose 

phosphates. The distribution of these seven enzymes might be expected 

to signify for each histological element the relative capacity and possible 

importance of four main channels of glucose utilization: (a) primary glucose 

esterification (hexokinase'), (b) glycogen metabolism (phosphorylase and 

phosphoglucomutase), (c) glucose metabolism via the Embden-Meyerhof 
system (phosphoglucoisomerase or isomerase, phosphofructokinase, and 

aldolase), and (d) oxidation via the “shunt” (glucose-6-phosphate dehy- 

drogenase). 

The distribution of the seven enzymes was measured among ten histologi- 

cally segregated zones of the central nervous system of the rabbit: two 

molecular layers, a layer of dendrites, two layers of packed cell bodies, and 

five myelinated fiber tracts. 

It was not practical to obtain large samples of these zones. Therefore 

it was necessary to elaborate microchemical methods in the case of the 

five enzymes for which sufficiently sensitive methods were not already 

available. The resulting procedures require only 0.1 to 5 y of dry brain 

and have been validated by a variety of tests, including the recovery of the 

activities of purified enzyme preparations when added to whole homoge- 

nates and the assessment of the stability of these enzymes in rabbit brain 

to freezing, drying, and storage. 

* Supported in part by a grant-in-aid from the American Cancer Society. 

t Present address, Department of Biochemistry, University of Chicago, Chicago, 

Illinois. 
1The abbreviations used are Tris, tris(hydroxymethyl)aminomethane; Pj, in- 

organic phosphate; GIP, glucose 1-phosphate; G6P, glucose 6-phosphate; F6P, 
fructose 6-phosphate; TPN*+ and TPNH, oxidized and reduced triphosphopyridine 

nucleotides; ATP, adenosine triphosphate; HK, hexokinase; PGM, phosphogluco- 

mutase; PFK, phosphofructokinase; G6DH, glucose-6-phosphate dehydrogenase; 

AMP, 2-amino-2-methylpropanediol; LDH, lactic dehydrogenase; and PHRL, glyco- 

gen phosphorylase. 
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At least some of the procedures developed might find application for 

more general purposes, since they are rather convenient and quite repro- | 

ducible. The isomerase method is based on the measurement of the F6P 

formed. Changes made in the fructose method of Roe et al. (1) seem to 

constitute a substantial improvement. For the measurement of PGM, 

conditions were established for hydrolysis of G1P and measurement of the 

TABLE | 

Incubation Conditions for Six Enzymes Measured 

pH Buffer | Substrate Other additions 

| M mM 

Hexokinase....... 8.0| Hydrazine| 0.04) Glucose ~I Mg 5 mm; KH2PO, 0.015 m; 
purified isomerase + 

ATT 3 PFK + aldolase 
Phosphogluco- | 

isomerase. .....| 8.0) Tris 0.1 | G6P 90 | 
Phosphofructo- | 

OS Se 8.0) KzHPO, | 0.04) F6P 7 | Hydrazine 0.03 m; Mg 6 

ATP 15 mM; (NH,)eHPO, 1.3 

mM; crystalline aldolase 
0.01%; crystalline bo- 
vine albumin 0.02% 

Phosphorylase. ...| 6.7) Substrate GIP 30 | Glycogen 0.5%; 5’-adenylic 

| acid 1 mM; cysteine 15 

| 
mM; NaF 50 mm 

Phosphogluco- | | 

Pere 7.6) Tris | 0.02) G1P 1 | Mg 1.5 mm; BAL 2 mw; 
| glucose 1,6-diphosphate, 

| 2X 10° 
| 

G6P dehydrogen- | | 

MA wscakledeace 8.9) AMP 0.1 | G6P | 5 | Mg 10 mw; Versene 1 mm; 

| | TPN*+ 2 mm 

* It would be preferable to increase ATP to 10 mm. 

{ 2-Amino-2-methylpropanediol. 

P; in one step. For the measurement of phosphorylase, improved condi- 

tions were found for measuring P; in the presence of G1P. 

Materials and Methods 

The analyses were all performed on histologically characterized frag- 

ments dissected from frozen-dried sections of rabbit brain or spinal cord. 

The preparation and weighing of such fragments before analysis have been 

described (2). The general techniques and tools for measuring enzymatic 

activities on the required microscale, as well as a description of the aldolase 

method, have been given in detail (3, 4). The method for G6DH is taken 
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from an unpublished procedure of Dr. A. W. Albers. After incubation 

under the conditions given in Table I, protein is precipitated by adding 

0.33 m KCl in 67 per cent ethylene glycol monomethyl ether, and the 

TPNH formed is measured by its absorption of light at 340 my. The lipide 

was measured by loss of weight upon extraction with alcohol and hexane 

(2). 

All of the analyses to be presented here were made with tissues from 

a single rabbit. However, the results have been confirmed by less complete 

data from other rabbits, and whole brain homogenates have been ana- 

lyzed upon innumerable occasions for all of these enzymes. The disparity 

among the animals was found to be remarkably small. 

All of the analyses were performed in the same manner. The dissected 

and weighed samples (1 to 2 7) were placed in tubes in racks and stored at 

—20° until they could be analyzed. At this time the racks were placed 

in an ice bath, and a measured volume of complete buffer-substrate reagent 

was added to each tube. The entire rack of tubes was then incubated at 

38°, and the action was arrested in an ice bath before subsequent steps. 

All of the methods have been tested extensively with whole brain ho- 

mogenates for effects of variations in pH, substrate, or coenzyme concen- 

tration, time of incubation, and activity with different dilutions of homoge- 

nate. Unless otherwise noted, the incubation conditions were such as to 

give maximal activity and proportionality between colorimeter readings 

and either the amount of enzyme or the time of incubation up to at least 

1 hour. With reasonable care, the methods are all reproducible to the 

limits of the spectrophotometer and, in order to conserve space, this fact 

will not be documented. A more practical test is provided by the over-all 

reproducibility of the histochemical values to be presented. 

Phosphofructokinase 

Principle—The reagent contained added crystalline aldolase which con- 

verted hexose diphosphate as fast as it was formed to triose phosphates. 

These were trapped by hydrazine and measured colorimetrically with 

dinitrophenylhydrazine. 

Procedure—Dry samples weighing 1 to 2 y were incubated with 18 ul. of 

complete reagent for 30 minutes at 38°. This substrate reagent was made 

freshly before use (Table 1). The aldolase, prepared according to Taylor 

et al. (5), was recrystallized twice, and the wet crystals were stored at 

—20°. A 1 per cent solution was prepared as needed. The reaction was 

permanently arrested with 3 ul. of 30 per cent trichloroacetic acid. The 

samples were centrifuged, but this is probably unnecessary because of the 

small amount of protein involved. However, acidification cannot be 

omitted. Aliquots of 10 ul. were analyzed for triose phosphates by a 
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published procedure (4) adapted from the aldolase method of Sibley and 

Lehninger. The final volume for reading was 345 ul. For calculation, 

it was assumed that the extinction coefficient corresponding to 1 mole of 

F6P converted to triose phosphate would be 47,800. This is based on the 

value obtained with G6P in the similar system used for the assay of hexo- 

kinase (see below). Neither F6P nor hexose diphosphate was available in 

sufficient purity to use as a standard. A sample calculation is as follows, 

A particle of tissue weighing 1.5 y was incubated for 30 minutes as de- 

tailed above. The observed net optical density was 0.250. Therefore the 

activity was calculated to be (21 \/1.5 y) XK (345 4/10 A) X (0.250 

47,800) X (60/30) X 1000 = 5.05 moles per kilo per hour. 

Comment—Rabbit brain PFK is exceedingly unstable in water homog- 

enates, but may be protected if fresh brain is homogenized (1:10) in 0.2 u 

phosphate buffer at pH 7.8. 

Frozen-dried brain sections, however, appear to be stable almost in- 

definitely if they are kept cold. Samples from the stratum radiatum of 

Ammon’s horn after 4 years storage at —20° had 85 per cent of the activity 

of samples stored for 1 month (from another rabbit). 

Rabbit brain PFK was purified about 20-fold by the procedure of Muntz 

(6). When this was mixed with a crude homogenate, the activities were 

additive. (Observed net optical densities were 0.627, 0.469, and 1.085 for 

samples containing, respectively, purified enzyme, whole homogenate, and 

both. The calculated sum was 1.096.) 

Hexokinase Assay 

Principle—The G6P formed was converted to triose phosphate by added 

PFK, phosphoglucoisomerase, and aldolase. Hydrazine was used to trap 

the triose phosphates and to prevent the action of triosephosphate isomer- 

ase. The triose phosphates were measured colorimetrically with dini- 

trophenylhydrazine. 

Procedure—The substrate reagent was prepared freshly before use 

(Table I). However, all components other than ATP and PFK may be 

combined and stored at —20°. The auxiliary enzymes were prepared as a 

single mixture (PFK) from skeletal muscle by the procedure of Taylor 

(7) as modified by Crane and Sols (8). The amount used was sufficient to 

give not less than 90 per cent conversion of G6P to triose phosphates in 5 

minutes. 
Dry samples weighing 1 to 2 y were incubated with 5 ul. of complete 

reagent for 30 minutes at 38°. The reaction was permanently arrested 

with 1 yl. of 30 per cent trichloroacetic acid. After centrifugation, 5 ul. 

were analyzed for triose phosphates, as in the case of PFK, except that all 

volumes were reduced by half. Standards consisted of 5 ul. samples of | 
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mm G6P made up at the last minute in the complete substrate reagent, and 

these were carried through the entire procedure. 

Comment—The removal of G6P as fast as it is formed has the advantage 

of preventing the marked product inhibition which would otherwise occur 
(8, 9). Consequently, the color produced was proportional to enzyme 

concentration to within 5 per cent over a 4-fold range. Also, observed 

rates were nearly linear with time (10 per cent less at 90 than at 20 min- 

utes). 

The color produced per mole of glucose phosphorylated is about 6 times 

that given by 1 mole of glucose in the usual colorimetric reduction methods. 

Furthermore, the method is direct and can be employed on a scale which 

would be troublesome for glucose measurement. 

On a semimicroscale, parallel measurements of glucose disappearance and 

triose phosphate formation gave identical results. Hydrazine was omitted 

in the first instance because this would have interfered with the glucose 

measurement. 

A sample of brain hexokinase purified 50-fold was generously provided 

by Dr. Robert K. Crane and Dr. Alberto Sols. By the given procedure, 

the activities of this sample and of whole brain homogenate were additive. 

(Optical densities separately were 0.306 and 0.383, respectively; the optical 

density of the mixture was 0.685 observed, and 0.689 calculated.) There- 

fore, there were no obvious complications arising from the use of crude 

brain samples. 

Rabbit brain hexokinase is unstable in aqueous homogenates, particularly 

when highly diluted, and is not preserved by freezing. However, the 

stability is much better in phosphate buffers at pH 7.5. Even so, attempts 

to dry small aliquots of frozen homogenates have resulted in loss of over 50 

per cent of the activity. This loss may be, in part, the result of failure to 

disperse aggregated particles for the analysis (Crane and Sols (8)). In 

spite of the low values with frozen-dried homogenates, it is believed that 

HK is completely preserved in frozen-dried tissue sections. The values 

obtained for dried sections from various parts of the brain fall within the 

range expected from the average for whole brain, and frozen-dried sections 

stored for 4 years (at —20°) have been found to be at least 90 per cent as 

active as fresh frozen-dried sections. 

Phosphoglucotsomerase 

Procedure—Dry samples weighing 1 to 2 y were incubated for 30 minutes 

at 38° in 10 ul. of reagent (Table I). Aliquots of 7 ul. were transferred into 

1 ml. of color reagent in a 3 ml. test tube and, because of the viscosity of 

the reagent, were vibrated or tapped vigorously in order to mix them. 

Color was developed by heating the mixture 20 minutes in a water bath at 
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60°, and readings were made at 500 mu. Standards, consisting of 10 ul. of col 

reagent containing 5 mm fructose, and blanks were included in all the sets | lig! 

of samples. F6P appeared to give about 80 per cent as much color as hor 

fructose, and this value was used in the calculations. sul 

The color reagent consisted of a fresh mixture of 40 volumes of 20 n mu 

HSO, with 1 volume of glacial acetic acid containing 0.4 per cent resorcinol aci 

and 1 per cent thiourea. vis 
The color of samples is almost insensitive to light, and readings may be po 

made at any time up to 24 hours. However, blanks and standards must 

T 

20 

MOLAR EXTIN. COEF (€) x 10> 

HCI,IRRADIATED 

400 450 Mi 500 550 

Fia. 1. Absorption spectra of fructose heated with resorcinol in H2SO, and HCl. t 

The conditions of reaction in H.SO, were those proposed in this paper. The con- . 

ditions of reaction in HCl were those prescribed by Roe et al. (1). Irradiation con- 

sisted of 60 minute exposure 12 inches from a 100 watt tungsten lamp. | t 

t 

be run at the same time because the color may change slightly, and the 

blank increases progressively as a result of the G6P. ( 

Comment. Fructose Measurement—The method of Roe et al. (1) pre- ( 

sented difficulties on a microscale. The HCl concentration is quite critical, | 1 

and during the heating step (80°) HCl volatilized somewhat from micro- | 

samples and changed the composition and the final color in an erratic 

manner. The sensitivity to light of the color produced was an added source 

of error. This second difficulty could be largely avoided by reading at 

400 instead of at 520 mu, because the peak at the shorter wave length 

changes much less upon irradiation (Fig. 1). 

The problem of volatility, however, was more troublesome, and H.SO, 

was therefore substituted for HCl with considerable advantage. The 
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color produced was two or three times as great as in HCl, was stable to 

light, and could be developed in 20 minutes at 60° in 20 n H,SO, or in an 
hour at 38° in 25 Nn H.SO,. The only disadvantage was the viscosity of the 

sulfuric acid, which was moderate at 20 n or below, but which increased 

much more rapidly above 20 n. Curiously, a 0.1 volume of glacial acetic 

acid used as a medium for adding thiourea and resorcinol increased the 

viscosity of 20 n sulfuric acid by nearly 50 per cent. Therefore, the pro- 

portion of acetic acid was reduced from 10 per cent, as used by Roe et al., 

20F 
=3 

MOLAR EXTIN. COEF. (€) x 10 
oO T 

% 10 MIN.at60° 20 30 

Fig. 2. Extinction coefficients at 500 my» with F6P and G6P heated for various 

times with resorcinol in sulfuric acid of indicated concentrations. Note that the 

scale for G6P is expanded 10-fold. 

to 2.5 per cent, with a compensatory increase in the concentration of 

thiourea and resorcinol in the acetic acid. 
A record of the effects of changes in time of heating and sulfuric acid 

concentration on the color produced with F6P and G6P may be useful 

(Fig. 2). It is interesting that the color produced in H,SOQ, differs from 

that obtained in HCl (Fig. 1). The HCl product is somewhat fluorescent 

and becomes very fluorescent on irradiation, whereas the H.SO, product 

is only moderately fluorescent and is not enhanced by irradiation. 

Isomerase Properties—Rabbit brain isomerase has a pH optimum at 8, 

with a decrease to 80 and 88 per cent of maximal activity at pH 7 and 8.5, 

respectively. The buffer used (Tris) is probably not inhibitory since 

about the same activity was obtained with half or twice the concentration. 

The K,, is probably small since the velocity was as fast with 2.5 mm sub- 

strate as with 90 mm, provided that the same small fraction of substrate 



986 HISTOCHEMISTRY OF BRAIN. V 

was isomerized. The velocity decreases as the fraction of the substrate is 

converted about as much as predicted for a reversible reaction. Conse- 

quently, for accurate analytical results, the fraction of substrate converted 

must be kept small, or a suitable correction curve must be used.2. Because 

of the small K,,, the substrate concentration may be adjusted as necessary 

to keep the fraction of substrate converted within suitable limits. 

Brain isomerase withstands freezing and drying without loss. There isa 

loss of about 50 per cent after a week at 25° in the dry state. At —20°, 
frozen-dried sections seem to be stable indefinitely (for years). 

Isomerase was purified 25-fold from rabbit brain. An extract of brain 

made with 2 volumes of 0.03 n KOH was combined with a water washing 
of the residue. This was fractionated with ammonium sulfate at pH 7.5 

between 1.6 and 2.4 Mm, and refractionated between 2.0 and 2.2 mM. The 

product had an activity of about 8000 moles per 100 kilos of protein per 

minute. A recovery experiment was performed in which this preparation 

was added to whole brain homogenate. The recovery averaged 120 per 

cent. The extra activity is attributed to protection of the purified enzyme 

by the protein of the crude brain. It has since been found that at very 
high dilutions it is necessary to add inert protein, such as bovine plasma 

albumin, in order to avoid some loss of activity. 

Phosphoglucomutase 

Principle—The disappearance of G1P is measured after incubation in a 

single analytical step in which the Cori ester is hydrolyzed and the liberated 

phosphate produces maximal color with molybdate and ascorbic acid. 

Procedure—Samples of 1 to 2 y of dry weight were incubated for 20 

minutes at 38° in 7 ul. of the substrate solution indicated (Table I). This 

substrate solution may be stored in a frozen state without the BAL or 

glucose diphosphate, which can then be added separately as needed. The 

BAL is conveniently prepared by shaking a 10 per cent solution in peanut 

oil with 10 volumes of water, which extracts almost 90 per cent and yields a 

65 mm solution that is stable in a frozen state for at least a week. The 

reaction was permanently arrested with 7 ul. of 10 per cent trichloroacetic 

acid. After centrifugation to remove protein, a 10 yl. aliquot was trans- 

ferred to a tube of 3 mm. inner diameter (50 or 60 mm. long), and 100 ul. 

of phosphate reagent were added. The tubes were heated for 45 minutes 

in a water bath at 50° (well capped with Parafilm to prevent evaporation), 

and the absorption was measured at 820 mu. The phosphate reagent is 

prepared by mixing, just before use, 5 volumes of 10 per cent ascorbic acid 

2 Recently Alvardo and Sols have found that the F6P may be readily trapped with 

borate without inhibition of isomerase (10). In consequence, the reaction can be 

made linear until nearly all of the G6P is gone. 
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with 10 volumes of 1.7 per cent ammonium molybdate in 3 N H,SO,. The 

ascorbic acid solution is stored in a frozen state. 

GIP is completely hydrolyzed by the procedure given, and the phos- 

phomolybdate is reduced with a molar extinction coefficient of about 27,000. 
G6P is about 0.5 per cent hydrolyzed. The reaction can be standardized 

by the substitution of 7 ul. of 1 mm Pj for the substrate reagent. 

Since a decrease in sample reading is the measure of enzyme action and 

since the reaction departs from linearity if too much substrate is consumed, 

an effort is made to convert not less than 20 or more than 50 per cent of the 

GIP to G6P. The size of the sample, the volume of the reagent, and the 

incubation time may be varied for this purpose. The substrate concen- 

tration may also be increased if necessary. 

Comment—The only definite change in the assay system as compared to 

those of previous investigators was the substitution of BAL for cysteine or 

other metal-binding agents (11). With 0, 0.6, 1.2, 2.2, and 3.4 mm BAL, 

relative activities were 17, 87, 100, 100, and 100 per cent, respectively. 

With 12 mM cysteine the activity was 10 per cent less, possibly as a result of 

the increase in total salt concentration. 

With 0, 1.5, and 15 mm Mg, activity was 18, 92, and 100 per cent of that 

with 4 mm Mg. The activity without added Mg is ascribable to Mg in 

the brain homogenate, and the data are consistent with a K,, for Mg of 

about 4 X 10-° M. 

Without added glucose diphosphate, activity was very low and varied 

with tissue dilution. At whole rabbit brain dilutions of 1:10,000 and 

1:1000, activity was 10 and 40 per cent, respectively, of the activity with 

2 X 10-* m glucose diphosphate. With added coenzyme, activity was 

closely proportional to both time and concentration of brain until 50 per 

cent of the substrate was converted. 

A pH optimum near 7.5 was confirmed for brain PGM. Activities 

were, respectively, 82 and 90 per cent of the maximum at pH values of 

7.2 and 8.0. Because of the sensitivity to pH, dilute buffer was used in 

the reagent, in spite of the known inhibitory effect of salts. 

The activity of brain enzyme at 1° and 25° was found to be 2.1 and 

37.1 per cent of that at 38°. 

In order to test for possible inhibitory or enhancing factors in whole 

brain homogenates, PGM was purified 25-fold from rabbit brain and mixed 

with a crude homogenate. The respective activities were additive to 

within 2 per cent when assayed in combination. The purification was 

accomplished with ammonium sulfate fractionation at pH 7.5 of an alkaline 

brain extract. The fraction, which precipitated between 40 and 60 per 

cent saturation, was again precipitated between 55 and 60 per cent satura- 

tion. 
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The activity of PGM is stable in frozen-dried sections stored at —20° 

for at least a year. 

Color Development—G1P was hydrolyzed and the color developed from 

the liberated P; in one step. This was accomplished at a moderate tem- 

perature by taking advantage of the catalytic activity of molybdate on 

the hydrolysis (12) and by increasing the sulfuric acid concentration to 

2 n. As the acidity increases, phosphomolybdate becomes increasingly 

difficult to reduce. This is offset by the following changes, in comparison 

to a previously published method for P; of similar sensitivity which was 

performed with 0.9 n H.SO, (3). Ammonium molybdate is increased from 

0.25 to 1 per cent, ascorbic acid from 1 to 3 per cent, and the temperature is 

raised from 38-50°. The extinction coefficient is about 6 times that 

obtained by the method of Fiske and Subbarow. The procedure is clearly 
useful only in special situations since many phosphate esters would be 

partially hydrolyzed under the analytical conditions. Under the pre- 

scribed conditions, P; gives 80 per cent full color in 10 minutes, and G1P 

80 per cent full color in 25 minutes. If desired, the time for color develop- 

ment may be decreased from 45 to 20 minutes by heating at 57° instead of 

at 50°. 

Glycogen Phosphorylase—The reagent was a fresh mixture of equal 

volumes of a solution (a) containing, at double strength, all of the in- 

gredients indicated (Table I) except cysteine, and a fresh, neutralized 

(pH 6.7), 0.03 m cysteine solution (b) prepared from 0.3 m cysteine hydro- 

chloride. Solution a was stored at —20°. 

Each tissue sample (1 to 2 y) was incubated with 10 ul. of complete 

reagent for 30 minutes at 38°. The reaction was permanently arrested 

with 1 yl. of 55 per cent trichloroacetic acid with prompt centrifugation in 

the cold to minimize the acid hydrolysis of GIP. The tubes were kept in 

ice water as much as possible. Aliquots of 10 ul. of supernatant fluid were 

promptly added to 50 ul. of phosphate reagent. This consisted of a fresh 

mixture of 1 ml. of 2.5 per cent ammonium molybdate, 7 ml. of H,O, 0.02 

ml. of 1 per cent CuSO,-5H,0, and 1 ml. of a fresh 6 per cent solution of a 

powder composed of 95 per cent NaHSO;, 4.5 per cent NaSO;, and 0.5 

per cent 1-amino-2-naphthol-4-sulfonic acid (13). 

The samples were read at 700 mu after 10 minutes. Standards consisted 

of 10 yl. of reagent which was 0.5 mm in KH,PO,. Standards and blanks 

were treated as nearly as possible in the same way as the samples. 

Comment. Measurement of Inorganic Phosphate Released—The P; is 

measured with a reagent similar to that of Fiske and Subbarow (13), 

except that sulfuric acid is omitted, and the only acid is the trichloroacetic 

acid used to precipitate protein (final concentration about 0.05 Nn). Since 

the final pH is about 2.5 (instead of 0.6), there is practically no hydrolysis 
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of GIP, and the color from P; does not increase with time (Furchgott and 

deGubareff (14)). Copper is added to accelerate color development, as 

suggested in 1949 by Dr. C. S. Hanes (personal communication). 

If more color is desired, the molar extinction coefficient, ¢«,,, can be 

increased from about 4000 to 24,000 by using a reagent which contains 

(at final dilution) 0.2 N H,SO,, 0.1 per cent ammonium molybdate, and 3 

per cent ascorbic acid. Reading is made after 60 minutes at room tem- 
perature (25-28°) or after 20 minutes at 38°. The reagent has some dis- 
advantages. Approximately 1.5 per cent of the G1P is hydrolyzed in this 

length of time, and the blank increases a little with time, even without G1P 

present. 

Rabbit Brain Phosphorylase Properties and Validation of Procedure— 

With dilution of rabbit brain 200-fold or more, P; formation in the ab- 

sence of added glycogen was not over 2 per cent of that with 0.5 per cent 

glycogen present. This indicated that, even though the assay was made 

on whole brain, there were no significant sources of P; other than that of 

the phosphorylation reaction. Half maximal activity was obtained with 

0.013 per cent glycogen. 

When GIP concentration was varied, the activities indicated a K,, of 

7.2 mm. Similarly, the activities with different levels of adenylic acid 

were compatible with a K,, of about 0.05 mm. Activity was enhanced 

25 per cent by cysteine, 15 mM, but a lower level of BAL (1.5 mm) was 

not stimulatory. Versene will not replace cysteine with the brain enzyme. 

Activity was relatively independent of pH between 6 and 7. 

Altogether, brain phosphorylase in the whole tissue assay system behaved 

about as might be expected from the studies of Cori et al. (15) with highly 

purified preparations. 

Phosphorylase in brain homogenates withstood freeze-drying; in fact, 

the activity increased 35 per cent, probably asa result of better disruption 

of the tissue. There is no evidence of destruction of activity during storage 

in the dry state at —20°. A brain stored at —20° for a year without dry- 

ing retained 60 per cent of the activity of a fresh brain. 

P; liberation was closely proportional to the time of incubation and the 

amount of brain, provided that not more than 10 per cent of the substrate 

was used. 

RESULTS AND DISCUSSION 

The values have been calculated on a lipide-free basis since the wide 

range of lipide might obscure the significance of the results. The lipide- 

free dry weight has been found to be a nearly constant fraction (10 to 12 

per cent) of the wet weight of various parts of brain, in spite of extreme 

differences in lipide content. 
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The results will be examined with three purposes in mind: (1) to compare 

the absolute activity values for the seven related enzymes, (2) to contrast 

the histological distribution of enzymes concerned with alternative path- 

ways of hexose utilization, and (3) to ascertain to what degree enzymes of 

the same metabolic pathway vary in parallel fashion as the metabolic 
pattern changes throughout the nervous system. 

The enzymatic activities in whole brain were all measured under the 

near optimal conditions which are believed to make the enzyme in ques- 

tion strictly rate-limiting and which avoid significant destructive or in- 

hibitory factors. Therefore, the absolute values may merit examination 

(Table II). Isomerase leads, with the enormous value of 150 moles per 

kilo of fat-free dry weight per hour, which is 100 times greater than the 

value of G6DH, the least active. It must be recognized that these are 

maximal velocities obtained with high substrate levels at optimal pH for 

each enzyme. Therefore, in interpreting these activities the actual pH and 

substrate conditions in the cells would have to be evaluated. For example, 

because of its small Michaelis constant, it may be that G6DH, in spite 

of its low absolute activity, may compete with some success with isomerase 

and PFK for G6P. It is clear that most of the seven enzymes operate at 

far less than maximal velocity since oxygen consumption of brain does 

not exceed that necessary to burn 0.2 mole of glucose per kilo of fat-free 

dry weight per hour, and maximal glycolysis is sufficient only to use 0.6 

mole of glucose per kilo per hour (16). 

There are modest but significant differences among the five non-mye- 

linated layers (Table II). Nearly all of the enzymes tend to be a little 

lower in content in the cell body layers, whereas the dendrite layer is 

particularly rich in isomerase and PFK. 

More striking are the differences between the gray layers and the mye- 

linated tracts. Without exception, the white tracts are relatively poor 

in hexokinase and relatively rich in GGDH. The data suggest that white 

tracts are more capable of using glycogen than glucose, and that the 

direct oxidative shunt is a relatively important pathway in the use of G6P. 

Among themselves, the white tracts differ a good deal. There is indication 

of an inverse relationship between enzymes of glycolysis and G6DH 

(PFK versus G6DH in Table III), and a direct relationship between total 

lipide and G6DH (Table III). 

Optic tract is exceptional in its high isomerase activity. It was pre- 

viously found to be very rich in lactic dehydrogenase (17). The retinal 

ganglion cell layer, containing the cells of origin of the optic tract, is also 

rich in lactic dehydrogenase in the rabbit (17, 18). It is presumably rich 

in all enzymes of the glycolytic cycle. The optic tract is the richest in 

PFK of the five tracts, but by a much smaller margin than in the case of 
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isomerase or lactic dehydrogenase, and it is only second highest in aldolase 

activity. Possibly this means that the extraordinary levels of certain 

enzymes of glycolysis in the optic tract are the consequence of diffusion 

TaBLeE IT 

Distribution of Seven Enzymes of Glucose Metabolism in Ten Regions of Rabbit Brain 

All enzyme values are recorded as moles of substrate transformed per kilo of 

lipide-free dry weight per hour. The lipide is recorded as percentage of lipide-free 
dry weight. Each enzyme value represents the average of six analyses as a rule. 

The standard errors are given in bold-faced type. Lipide values are from earlier 

studies. 

Lipide | HK | 18° | prx | Aldo | pom | PHRL | GoDH 

Molecular layer, cerebellum..| 73 | 6.70 | 164 | 21.3 | 10.6 | 9.4 | 12.9 | 2.38 
0.42 7 1.9] 0.3] 0.4] 0.3 | 0.06 

_ “ Ammon’s 

Ee ear ra om 63 | 6.42} 116 | 15.9| 8.41] 10.3] 8.9 | 1.30 
0.44 4 1.2; 0.3] 0.3] 0.6 | 0.08 

Dendrite layer, Ammon’s 

ES oko ics whe sinicd-s state am 61 | 5.46 | 193 | 32.5 9.4 9.0 6.8 | 1.18 

0.21 7 1.6] 0.2] 0.3] 0.3 | 0.04 

Cell body layer, cerebellum..| 45 | 5.09| 88 | 11.0} 5.2) 5.9] 7.3 | 1.15 
0.20 3 1.1; 0.1] 0.3] 0.1 | 0.08 

= = - Ammon’s 
ee are oe ent 28 | 4.32 94 | 11.1 4.7 5.3 | 5.4 | 0.86 

0.15 3 0.6| 0.1) 0.2] 0.2 | 0.03 

White tract, Ammon’s horn..| 161 | 2.43 82 | 13.0} 5.0] 6.0} 6.4 | 1.85 

0.18 3 0.4) 0.1) 0.3] 0.38 | 0.05 

- ‘* cerebellum...... 240 |1.93| 95 | 13.4] 7.3] 7.4] 5.0] 3.32 

0.17 3 0.8| 0.3| 0.6] 0.2 | 0.08 

‘© optic............| 251 | 2.17 | 284 | 15.6] 6.9] 6.6] 3.9 | 2.67 

0.14 11 0.8} 0.1 | 0.2) 0.2 | 0.15 
= ‘¢ dorsal columns..| 317 | 1.54 66 | 11.2) 2.6) 9.2] 5.7 | 5.42 

0.08 4 0.7| 0.2) 0.6 | 0.2 | 0.21 

*¢ dorsal spino- 
SNES pens cckawen ene 324 | 1.38 62 8.4 3.0] 6.5 | 4.4 | 5.25 

| 0.04 4 0.4; 0.1 | 0.5] 0.4 | 0.21 

Average brain............... | 100 |6 | 150 | 16 | 65/10 | 7 |1.5 

from the avascular ganglion cell layer of the retina rather than indicative 

of an unusually high glycolytic rate in the optic tract itself. 

PFK and PHRL bear a nearly constant ratio in many of the regions of 

the brain examined (Table III). The ratios are less constant between 

PFK and HK. This might suggest that maximal capacity for a burst of 

glycolysis is related to ability to use glycogen rather than to capacity for 

direct utilization of glucose. 
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The above discussion presupposes that the local concentration of a 

particular enzyme is indicative of the capacity for metabolism along the 

pathway which contains that enzyme. If this is true, then all members 

of that pathway should vary in constant ratio. The ratios of Table III 

support this thesis, but only in part. Thus isomerase, PFK, aldolase, 

and lactic dehydrogenase in general vary in a like manner, but in certain 

cases there are rather large deviations from the mean ratios. These de- 

viations could indicate some tolerance in the concentration of certain 

TABLE III 

Ratios between Various Enzymes of Glucose Metabolism in Rabbit Brain 

ae | a 
—_ — Iso- PFK Iso- 

Tissue PFR PFK_ | PF K | merase | Aldo. | merase 
R ron | OSS 

HK | PHRL | G6DH | PFK lage | LDH* | PHRL Lipide} 

Molecular layer, cerebellum..| 3.2 | 1.6 | 9 | 8 | 2.01 5.8 | 0.7 | 2 
e 7 Ammon’s | 

Ee OY ae ce aoe ae 1) ite | F 1.9 4.6 1.2 ll 

Dendrite layer, Ammon’s | | 
Rt ic Mo Mentai tego k ISS) 48127 | 6 3. 6.0 1.3 11 

Cell body layer, cerebellum | 2.2 | 1.5 | 10 | 8 2.3 | 44 1564 14 
ee ees - Ammon’s | | 

en ae ee eee }26/21/13 | 9 | 2.4/3.4 | 1.0] 13 
White tract, Ammon’s horn..| 5.3 $917 | « 2.6 4.5 0.9 8 

‘* cerebellum...... LOS) 4 | F $46 1 2241 28 ie 

a) Oe pee... i... 3, 7.2 | 4.0 | 6 | 15/23] 42/1.7| 9 
” «dorsal columns..| 7.3 | 2.0 | 2.1| 6 | 2.0 | 4.1 |] 1.6 | 15 
- ” e spino- | 
cerebellar..................| 6.1 | 1.9 | 16| 7 | 1.6 | } 1.5 | 15 

Average brain............ 2.3] 23]i | 9 | 2.5 | | 1.4 | 20 

* Calculated from data previously published (17) on lactic dehydrogenase. 

t Gm. of lipide per gm. of lipide-free dry weight. This empirical relationship 

gives the best graphical fit of a linear plot of G6DH versus total lipide. 

enzymes of a series, or might indicate a more complex situation than 

anticipated. Thus the high PGM to PHRL ratios found in most of the 

white tracts could mean that G1P has another use in these tracts, perhaps 

in the formation of uridine diphosphoglucose. 

SUMMARY 

1. New micromethods are presented for measuring hexokinase, phos- 

phoglucoisomerase, phosphofructokinase, glycogen phosphorylase, and 

phosphoglucomutase in 1 or 2 y of tissue (dry weight). The methods have 

been validated for use with frozen-dried brain that is either fresh or stored 

at —20° for several years. 
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2. The new methods, together with existing procedures of similar sen- 

sitivity for aldolase and glucose-6-phosphate dehydrogenase, have been 

used to measure the distribution of seven major enzymes of hexose metabo- 

lism among five white tracts, two molecular layers, two layers of cell bodies, 

and a layer of packed dendrites from rabbit brain. 

3. Cell body layers (of cerebellum and Ammon’s horn) tend to be lower 

in content than other gray areas with respect to every enzyme measured. 

White tracts vary greatly among themselves. Heavily myelinated tracts 

are low in hexokinase activity and rich in glucose-6-phosphate dehydrogen- 

ase. In respect to the other five enzymes, all of the tracts examined are 

about as active on a fat-free dry weight basis as the cell body layers. 

4. Enzyme members of the same metabolic path tend to vary in a simi- 

lar manner, but the correspondence is by no means perfect. 
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CATALYTIC AND ADSORPTIVE PROPERTIES OF 

TESTICULAR MICROSOMES* 

By WILLIAM §8. LYNN, Jr.,j ROSE H. BROWN, ann JOHN MULLINS 

(From the Department of Biochemistry and Medicine, Duke University School 

of Medicine, Durham, North Carolina) 

(Received for publication, September 9, 1957) 

In the course of attempts to purify the enzymes found in the testicular 

microsomes which oxidize progesterone to testosterone (1-3), it was ob- 

served that these enzymes are active only in their particular state. Thus, 

a 100,000 X g supernatant fluid which exhibited only traces of steroid- 

oxidizing activity could be made active by precipitation of the proteins 

either by dialysis or salt. Both procedures resulted in the formation of 

an insoluble precipitate that contained the enzymatic activity. . 

When it was observed that these “generated” particles, as well as 

microsomes, can almost quantitatively adsorb steroids in an aqueous 

solution, the hypothesis was formulated that these particles were templates 

on which substrates and enzymes could come into contact. This prompted 

a survey of the adsorptive and catalytic properties of testicular micro- 

somes. 

EXPERIMENTAL 

Particles were prepared by homogenization of decapsulated guinea pig 

testicles in cold 0.03 m Tris' (pH 7). The large particles were removed by 

centrifugation at 10,000 X g for 20 minutes, and then the microsomes were 

collected by centrifugation of the supernatant fluid at 100,000 x g for 

20 minutes. The microsomes were then washed several times either with 

more buffer or with 1 m NaCl, and finally resuspended by homogenization 

in sufficient buffer to give an optical density of 1.0 at 280 my with a light 

path of lem. The emulsion thus obtained was stable for 1 hour. 

Studies of adsorption were performed by adding 1 ml. of the micro- 

somal suspension to 9 ml. of Tris buffer, containing varying amounts of 

substrates. This mixture was stirred gently for 10 minutes at 0°, and 

* Supported by the United States Public Health Service, grant No. RG4758. 

+t Markle Scholar in Medical Sciences. 

1The following abbreviations are used in the text: Tris, tris(hydroxymethy]l)- 

aminomethane; DPNH, reduced diphosphopyridine nucleotide; RNA, ribonucleic 

acid; TPNH, reduced triphosphopyridine nucleotide; ATP, adenosine triphosphate; 

ADP, adenosine diphosphate; AMP, adenosine monophosphate; GTP, guanosine 
triphosphate; GDP, guanosine diphosphate; GMP, guanosine monophosphate; 
FMN, flavin mononucleotide; and FAD, flavin adenine dinucleotide. 
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was then centrifuged at 100,000 X g for 20 minutes (Spinco model L re- 

frigerated centrifuge). The amounts of substrate in the supernatant 

fluid and microsomes were then determined. Control experiments with- 

out substrate were run in every case. 

Proteins were assayed by the spectrophotometric method of Warburg 

and Christian (4), and in some instances by the method of Lowry et al. 

(5). Steroids, amino acids, phosphate, sulfate, lactate, acetate, and 

butyrate were radioactive, and were assayed by gas flow counting tech- 

niques. The nucleotides, purine bases, and coenzymes were assayed spec- 

trophotometrically; glucose 6-phosphate was assayed enzymatically (6), 

glucose (7), molybdate (8), cobalt (9), and magnesium (10) were determined 

by colorimetric procedures, and iron (as the ferrous o-phenanthroline com- 

plex (11)) was determined after reduction by testicular microsomes and 

DPNH (12).!. Sodium and potassium were measured with the flame 

photometer. 

The various enzymes were assayed as follows: lactic dehydrogenase? by 

the method of Kubowitz and Ott (13), malic dehydrogenase? by the method 

of Mehler et al. (14), alcohol dehydrogenase? by the procedure described 

by Theorell and Bonnichsen (15), xanthine oxidase? by the optical method 

of Kalckar (16), and glucose-6-phosphate dehydrogenase by the method 

of Warburg and Christian (6). To eliminate the errors due to light scat- 

tering effects in these particulate suspensions, frequent base lines and 

complete spectra were obtained with the use of the Beckman model DK-2 

recording spectrophotometer. 

Microsomal Constituents—Phosphate and nitrogen were assayed on a 

digest (sulfuric acid and hydrogen peroxide) of dried microsomes by the 

methods of Fiske and Subbarow (17) and of Brown et al. (18), respectively. 

Lipide was measured gravimetrically after alcoholic-ether extraction (19); 

RNA was approximated by use of the orcinol color test and the 260:280 

my ratios; porphyrin was determined by its Soret band; and the flavins 

were measured fluorometrically (20). Flavins were also assumed to be 

present in the microsomes because of the presence of large amounts of the 

DPNH and TPNH cytochrome c reductases in these microsomes (11). 

Results 

The constituents of these testicular microsomes appear to differ in 

several respects from those of other microsomes isolated from various 

organs. The low content of protein and fat may result from the several 

2 Yeast hexokinase, alcohol dehydrogenase, glucose-6-phosphate dehydrogenase, 

and malic dehydrogenase were obtained from the Sigma Chemical Company. Lac- 
tic dehydrogenase (twice crystallized) was a gift from Dr. George W. Schwert, Jr. 

Xanthine oxidase was obtained from the Worthington Biochemical Corporation. 
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washes which were performed before analysis. The high phosphate value 

may be spurious in that, as demonstrated in Fig. 3, these microsomes 

have a marked affinity for phosphate, and the high phosphate content 

may be due to adsorption rather than the RNA or the phospholipide 

content. The absence of an appreciable amount of porphyrin distin- 

guishes them from liver microsomes, which contain a cytochrome 6 (21). 

CYTOCHROME cl 

Y-GLOBULIN 

100 4 saat : 
CHOLESTEROL 

AMT. ADSORBED (9) 

S (e} oO 

] 
ii] 

300 + ALBUMIN o 4 TESTOSTERONE 
jee) 4 

\| ea | 

— 1 DEHYDROGENASE 2 ee | | on 
al ——— wrocto8in ~ PROGESTERONE 

| HEMOGLOBIN - ! Ly a SF ee Lnipesisnennnremeinientinestitie 
500 1000 2000 3000 20 40 60 80 100 120 

AMT. ADDED (9) AMT. EXPOSED 11g 

Fie. 1 Fia. 2 

Fic. 1. Adsorption of protein by testicular microsomes. Adsorption was per- 

formed by suspending 1 ml. of the microsomal suspension in 10 ml. of Tris buffer 
(pH 7) which contained the protein to be adsorbed. The mixture was stirred at 0° 

for 10 minutes, and the microsomes were resedimented at 100,000 X g. Protein was 

then assayed in the supernatant fluid by the method of Lowry e¢ al. (5). A control 
experiment without added protein was run in each case. Alcohol dehydrogenase 

was assayed enzymatically both in the microsomes and in the supernatant fluid. 
Fic. 2. Adsorption of steroids by testicular microsomes. The conditions were 

the same as in Fig. 1. The isotopic steroids were assayed by counting the aliquots 

in a gas flow counter. 

The following values were obtained: 15 per cent protein, 18 per cent 

nitrogen, 3 per cent lipide, 20 per cent phosphate, and appreciable amounts 

of RNA, iron, and flavin. 

Adsorption Studies—Figs. 1 through 4 show the adsorption of the 

various types of compounds by these microsomes. Substances which 

are adsorbed include proteins, steroids, phosphate, and iron. Of the 

proteins, the adsorption of cytochrome c and y-globulins is most striking; 

however, such enzymes as alcohol dehydrogenase and lactic dehydro- 

genase are also adsorbed. The marked adsorption of phosphate remains 
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unexplained, but is probably not due to its charge because other small 

anions such as sulfate and acetate are not adsorbed. Once the phos- 

phate is adsorbed, it is difficult to wash it away, and preliminary data 

indicate that it no longer exists as free inorganic phosphate. (These 

data will be presented in another report.) Substances showing less than 

5 per cent adsorption include nucleic acids, nucleotides (ATP, ADP, 

AMP, GTP, GDP, GMP, TPN, DPN, TPNH, and DPNH), glucose, 

glucose 6-phosphate, amino acids (phenylalanine, glycine, and glutamic 

acid), flavins (FMN, FAD, and riboflavin), thiamine, and guanosine. 

907 

| lias 
70 -| POg 

50-4 

| ACETATE 
30-4 BUT YRATE 

| LACTATE 
10> SO4 

ae i ‘ieee | 2 3 4 
| 2 2 4 ° 5 

(41 moles) AMT. ADDED AMT. EXPOSED (umoles) 

Fig. 3 Fia. 4 

Fic. 3. Adsorption of anions by testicular microsomes. The conditions were the 

same as in Fig. 1. Phosphate, acetate, lactate, and butyrate were assayed isotopi- 

cally, and sulfate and molybdate were determined colorimetrically. 

Fig. 4. Adsorption of metallic ions by testicular microsomes. The conditions 

were the same as in Fig. 1. Fet*+, Co**, and Mg** were measured colorimetrically, 

and Nat and K* by flame photometry. 

0.5 = 

0.3 - 

Matt 

8 le N 

ADSORPTION (umoles) 

Littlefield and Keller (22) reported that liver microsomes adsorb sodium 

and potassium, but these testicular microsomes exhibit no adsorption of 
these cations. However, iron is adsorbed. 

Catalytic Properties—Since these microsomes adsorb proteins, it is to be 

expected that they should affect enzyme rates. Indeed, there are many 

observations which indicate that insoluble surfaces and complex mole- 

cules do markedly affect these rates. Thus, Keilin and Hartree (23) 

noted the activation of succinic dehydrogenase in the presence of calcium 

phosphate gel. McLaren (24) has observed a difference in the pH opti- 

mum of soluble enzymes versus that of particulate enzymes. Dellert and 

Strarmann (25) have noted a marked increase in the activity of trypsin in 

the presence of the insoluble polymer, polylysine. The presence of the 

increasing concentration of small ions (NaCl) has been shown to increase 

the rate of catalysis by lactic dehydrogenase (26, 27). In Figs. 5 and 6 

is observed the marked stimulation of the initial rates of lactic and malic 

dehydrogenases in the presence of these microsomes. Before being washed, 
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r small they contained large amounts of both malic dehydrogenase and lactic 

» phos- dehydrogenase, and, even after as many as four washes with a solution of 

y data 1 m NaCl or buffer, a small fraction of enzymatic activity remained. 

(These 

Ss than , — aaa ro 

ADP, 
M 

se 5 iti ae ~ 300 MICROSOMAL -_ 
E 

e. $ 9 SOLUBLE MDH (1) 
z tBH+ 05mg. ALB ‘ " | SOE ORN 

9 LDH (WASH) e 2007 

Fett e ts 
—— y 4 MICROSOMAL MDH 

Cott! | F S 100 PP.OR DIG.OR NoC! OO5M 
Pp a — ) 8. SOLUBLE MDH 

Mg‘t 200} | NoC! 05M PP.OR NaCI OO5M 
_Nar WASHED M+LOH | 
=$K _ Een em et: Sate Oar St = 

0 2 3 . + €¢ & 2 
Ct MIN. MIN. 
moles) Fig. 5 Fic. 6 

Fig. 5. Stimulation of the catalytic rate of lactic dehydrogenase by testicular 

re the microsomes. The incubation was carried out at room temperature, at pH 7 (0.1 M 

otopi- Tris buffer). The enzyme was 0.5 ml. of microsomes (M) washed four times with 

1m NaCl (30,000 to 100,000 X g). The assay was performed with a No. DK-1 re- 

efeus cording spectrophotometer. The blank cuvette contained all of the components 

ically except DPNH. Microsomes were exposed to lactic dehydrogenase (LDH) for 10 

a minutes at 0°, and then resedimented at 100,000 X g. The supernatant fluid (LDH 

wash) and microsomes (washed with LDH) were assayed for lactic dehydrogenase. 

‘ All assays (7) were performed in Beckman cuvettes, and crystalline lactic dehydro- 

dium genase was used. Blanks without either pyruvate or DPNH or both were run in all 
on of experiments. These particles contained no DPNH oxidase. Alb. = albumin. 

Fig. 6. Stimulation of the catalytic activity of malic dehydrogenase (MDH) by 

to be testicular microsomes, digitonin, and NaCl. Incubations were performed at room 
many temperature, at pH 7 (Tris 0.02 m) by the method of Mehler et al. (14). Microsomal 

MDH, 0.5 ml. of the standard solution of microsomes (washed once with NaCl (1 M)). 

nole- Soluble MDH, commercial malic dehydrogenase. Assays were performed on a re- 

(23) cording spectrophotometer. Dig., digitonin, 0.05 m; PP, sodium pyrophosphate, 

cium 0.05m. I+ II = soluble malic dehydrogenase + microsomal malic dehydrogenase. 

opti- 
; and However, after a known amount of either dehydrogenase was added to the 

in in microsomes, the net activity was more than 100 per cent greater than that 

f the of the added fraction. 

rease The fact that microsomes contain these two dehydrogenases suggested 

nd 6 the possibility that the presence of added enzymes caused leaching of the 

nalic microsomal enzymes, with the stimulatory effect resulting simply from the 

shed, presence of more enzyme in solution. This possibility was eliminated by 
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the data in Fig. 5. The microsomes were exposed to known amounts of 

lactic dehydrogenase, were resedimented, and the enzyme was assayed in 

the resultant supernatant fluid as well as in the microsomes. There was 

no increase in the activity of the enzyme in the supernatant fluid. Fur- 

thermore, when these same lactic dehydrogenase-exposed microsomes were 

again added to more lactic dehydrogenase, their stimulatory capacity was 

2507 wae 
e \| M 

$ \ LOH 
eee oe | LDH + POgor Dig. 

M+Albumin 7 3007) M + PQq 

200 4 MY D | 
= 

O | M+LOH 
1504 " 2504 

Control 4 } LDH + PP 

100 4 = 
6 .2004 

050 - M + PP 

M + Dig 

fe) Ss :, .150 my . , 
| 2 3 4 | 2 2 

MIN. MIN. 

Fig. 7 Fia. 8 

Fig. 7. Effect of microsomes on alcohol dehydrogenase. Incubations were per- 

formed at room temperature by the method of Theorell (0.02 m Tris, pH 7.0). M, 
0.5 ml. of standard washed testicular microsomal suspension. Albumin had no ef- 
fect in the amounts of 0.1 to 5 mg. per3 ml. Blanks were run as in Fig. 5. 

Fig. 8. Stimulation of catalytic activity of lactic dehydrogenase by microsomes, 

anions, and digitonin. Conditions were the same as in Fig. 5. M, 0.5 ml. of salt- 

washed microsomes; LDH, crystalline lactic dehydrogenase; Dig., 0.05 m digitonin; 

PP, 0.05 m sodium pyrophosphate (pH 7.0); PO,, 0.05 m sodium phosphate (pH 7.0). 
Blanks were run as in Fig. 5. 

still equally effective, thereby indicating that the recentrifugation had not 

resulted in the removal of their stimulatory activity. 

Fig. 7 indicates the specificity of the stimulatory effect of microsomes. 

There was little effect from these microsomes on the rates of action of 

soluble alcohol dehydrogenase, glucose-6-phosphate dehydrogenase, hexo- 

kinase, or xanthine oxidase. The only other enzyme, thus far tested, 

whose activity was enhanced was catalase. However, this effect is some- 

what uncertain, because all of the catalase activity of the microsomes 

themselves could not be removed. 

Mechanism of Microsomal Catalysis—Hakala (26) and Nygaard and 

Theorell (27) have observed that the enzymatic activity of lactic dehydro- 
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genase is enhanced by increasing the concentrations of sodium chloride, 

and Figs. 6 and 8 show that this salt effect also occurs with malic dehydro- 

genase. Moreover, it has been noted that many other salts can be sub- 
stituted, e.g. potassium chloride, sodium sulfate, or sodium pyrophosphate. 

Sodium phosphate, however, was either ineffective or inhibitory at high 

concentrations. These effects of salts were also demonstrable with the 

lactic and malic dehydrogenases of the microsomes. The possibility 

arose that the stimulatory effect of the microsomes results from the leach- 

ing of salt from the microsomes into the medium. This did not seem to 

be the case, however, because the effects of microsomes and salts were 

| 4=.1 mLMicrosomes-no steroid 
.300 Mu 600 x=Im “Sug " 

‘ x \ o=.im” 20g" 
: € .500- (Steroids-Progesterone, 
~ oO \ Testosterone , Androstenedione) 

t ™ 4oo4 % 
3 LDH+Tween ag 00 ‘ 
: LDH +Steorate S 
a LDH - 
2 CDH + Dig. at 

= Maleate Cb , 7 | ween + 2 4 
q 200- M+LDH M+Stearate+LDH 3 200 
Ss) 

a 
a M+Dig.+LDH 5 100. 

150 4p Sp a dies. : 
[2 2 o- © 1234567 

MIN. MIN. 

Fic. 9 Fic. 10 

Fic. 9. Effect of detergents on microsomal LDH and soluble lactic dehydrogenase. 

Amount of detergents added, 2 umoles. The assay was performed as in Fig.6. En- 

zyme, testicular microsomes washed once with 1 mM NaCl (0.5 ml.). Dig., digitonin; 

Deoxyc., sodium deoxycholate. Blanks were run as in Fig. 5. 
Fia. 10. Effect of steroids on microsomal lactic dehydrogenase. The assay was 

performed as in Fig. 6. Steroids were added in 0.01 ml. of alcohol. 

additive. Moreover, the repeated washing of these microsomes with 

buffer did not lessen their catalytic properties. Further, when the micro- 

somes were resedimented in the presence of lactic dehydrogenase, the 

enzyme that remained in the supernatant fluid was no longer stimulated 

(Fig. 8). 
Since these microsomes are fat-containing and insoluble, surface-active 

agents should have some effect on their catalytic properties. Fig. 9 

shows that Tween 80, sodium stearate, and sodium deoxycholate inhibit 

the catalytic activity of microsomal lactic dehydrogenase, whereas digitonin 

stimulates this enzymatic activity. Steroids, on the other hand, had no 

effect (Fig. 10). Amphenone B has also been noted to be inhibitory (12). 

The stimulatory effect of digitonin could result from the leaching out of 

“bound-inactive” malic dehydrogenase. However, Fig. 11 demonstrates 
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that this is not the case, because, in the presence of 10-* m digitonin, the 

microsomes could still be sedimented, and the supernatant fluid from this 

sedimentation did not increase the enzymatic activity. 

An effort was made to ascertain which constituents of the microsomal 

surface are necessary for this stimulating activity. Microsomes were 

digested at 30° for 30 minutes with pancreatic lipase, trypsin, or ribo- 

nuclease, and were resedimented (Fig. 12). The extent to which material 

3004 = 

4 

; Dig. Supernate e 

3 Control Sup Oo 
| 

ve Washed M.(Control) 4 200- LOH 

= = LIPASE- 

g - TREATED 
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8 2 
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6 TRYPSIN- | YPSIN- | 

3 M+ Dig a alt TREATED | 

F 2 RNA, ASE: | 

° o TREATED | 
° | M+LDH | 

_———E ze . tii mninsiiaitiinn } 

| 2 zie 5 \ > 3 4 5 

MIN 
ii 

Fig. 11 Fig. 12 

Fig. 11. Effect of digitonin exposure on microsomal malic dehydrogenase. The 

assay was performed as in Fig. 5. 0.3 ml. of microsomes (washed once with NaCl) 

was exposed to digitonin 2 X 10°? m at 0° for 10 minutes, then resedimented 
at 100,000 X g. Microsomes (washed M Dig.) and supernatant fluid (Dig., digitonin 
supernatant) were assayed, along with controls. Blanks were run as in Fig. 5. 

Fig. 12. Effects of hydrolytic enzymes on testicular microsomes. 0.5 ml. aliquots 

of microsomes (washed twice with NaCl) were incubated with 1 mg. of either lipase 

(commercial), trypsin (crystalline), or RNAase (commercial) for 30 minutes at 30°, 

pH 7, and then resedimented. Each batch of particles was tested for its ability to 

stimulate crystalline lactic dehydrogenase, under the same conditions as in Fig. 6. 

Digestion of the microsomes was followed by the measurement of the increase of 
absorption at 260 and 280 my in the supernatant fluid. Blanks were run as in Fig. 5. 

was extracted was estimated by the measurement of the increase in ab- 

sorption at 260 and 280 my in the supernatant fluid. Only the lipase- 

treated microsomes exhibited appreciable liberation of ultraviolet-absorbing 

material. Lipase was also the only enzyme which inactivated the stim- 

ulatory activity of microsomes on lactic dehydrogenase. Leaching of 

material absorbing at 260 to 280 my was obtained after digestion by 

trypsin and ribonuclease if the particles were first digested with lipase, 

and this suggests that the surface of these particles is fatty in nature and 

that only after removal of this fatty surface do trypsin and ribonuclease 

have access to their substrates within the microsomes. 
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DISCUSSION 

It has been demonstrated that intracellular surfaces, 7.e. microsomes, 

possess specific adsorptive properties, and specific effects on rates of 

enzymatic activity. It should be noted, however, that the only known 

enzymes whose rates of catalysis were accelerated by these microsomes 

were those which are normally found in microsomes. This may mean 

that these particles have specific sites for specific enzymes and that only 

when these sites are filled do the enzymes exhibit a greater efficiency in 

their catalytic roles. 

No kinetic treatment of this type of enhanced catalytic activity has 

been undertaken. However, the Michaelis constant for pyruvate, ob- 

tained on the lactic dehydrogenase in the presence and the absence of 

microsomes, seemed to be the same (about 5 X 10-° M, pH 7, at 24°). 

Since these testicular microsomal particles have been shown to adsorb 

fats and proteins and because, as far as is known, many of the enzymes 

that have been found associated with microsomes are concerned either 

with insoluble substrates, e.g. steroids (1, 2, 28) and drugs (29), or large 

polymers, e.g. proteins (30), this structure may serve as a catalyst or tem- 

plate on which water-soluble enzymes and other insoluble substrates can 

come into contact. Since these surfaces can affect rates of enzymatic 

activity and are presumed to exist inside the cell (31), any substance 

which can affect such surfaces, e.g. insoluble materials such as many of the 

hormones, might exert some control over the enzymatic activity within 

the cell. 

SUMMARY 

Testicular microsomes possess specific adsorptive properties as well as 

specific effects on rates of enzymatic activity. 
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EFFECTS OF AMPHENONE B ON THE ENZYMATIC 
PROPERTIES OF TESTICULAR MICROSOMES* 

By WILLIAM S. LYNN, Jr.,t anp ROSE H. BROWN 

(From the Department of Biochemistry and Medicine, Duke University School 
of Medicine, Durham, North Carolina) 

(Received for publication, September 9, 1957) 

Amphenone B! has been shown to have widespread biological effects; e.g., 
steroid production is blocked in the adrenal (1), I" uptake is blocked in 

the thyroid gland (2), progestational activity is induced in the Clauberg 

rabbit (3), and anesthetic effects have been observed in various animals (4). 

The adrenal perfusion experiments of Rosenfeld and Bascom (1) indicate 

that steroidogenesis is blocked at a drug concentration that does not impair 

the oxygen consumption of the intact adrenal gland. Each of these ob- 

servations is compatible with inhibition of an oxidative pathway, e.g. I- 

— I°, or hydroxylation of steroids, by a drug which does not affect the nor- 

mal cytochromal respiratory systems. Since there are no reports on the 

effects of Amphenone B in the liver microsomal TPN H? oxidase systems (5) 

or in the steroid TPNH oxidase systems found in various glands (6, 7), it 

was thought worth while to investigate the effect of this drug on isolated 

microsomal systems from guinea pig testes, since progesterone is oxidized 

to testosterone in these systems (8, 9). The present report demonstrates 

that this microsomal steroid-oxidizing system is blocked by Amphenone B, 

and some observations concerning the mechanism of this inhibition are 

also reported. 

EXPERIMENTAL 

The microsomes were prepared by homogenizing mature guinea pig 

testicles in 0.02 m Tris buffer (pH 7), centrifuging the large particles at 

12,000 X g for 10 minutes, decanting the supernatant fluid, and centri- 

fuging the small particles at 100,000 X g for 20 minutes. These particles 

were then resuspended in ice-cold 1 m NaCl and again sedimented at 100,000 

X g for 20 minutes. The microsomes were then resuspended in 0.02 m 

Tris (4 ml. per testicle). 

* Supported by the United States Public Health Service, grant No. RG4758. 

t Markle Scholar in Medical Sciences. 

1 Amphenone B (1,2-bis(p-aminopheny])-2-methyl-l-propanone dihydrochloride) 

was obtained from Dr. Robert Gaunt, Ciba Pharmaceutical Products, Inc. 

2 The following abbreviations are used in the text: TPNH, reduced triphospho- 

pyridine nucleotide; Tris, tris(hydroxymethyl)aminomethane; and DPNH, reduced 
diphosphopyridine nucleotide. 
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The steroids and Amphenone B were isolated by precipitation of the 

incubation mixture with 2 parts of ethanol. 2 parts of water were then 

added, and the Amphenone B and steroids were removed by extractions 

with ether. The ether was washed with dilute Na2,CO;. The steroids 

were separated by paper chromatography (Zaffaroni and Burton (10), Bush 

(11), and Neher and Wettstein (12)) (and assayed at 240 my) as well as by 

their radioactivity. Inasmuch as these microsomes contain no 3-keto re- 

ductases, quantitative recoveries of all the steroids were possible with this 

one assay method. Since Amphenone B also absorbs strongly at 240 mu 

and is easily separated in the Zaffaroni paper chromatogram, it could be 

isolated and assayed in the same manner. Acetate was isolated after its 

distillation and separated as the ammonium salt in a tert-butanol-NH,OH 

paper chromatographic system (13) and assayed by its C™ content. 

Commercial progesterone-4-C“ and progesterone-21-C™ were used as 

substrates. Oxygen consumption was measured by the conventional War- 

burg technique. 

TPNH was assayed by two different methods. Since the microsomal 

suspensions used in the incubations were too opaque to utilize the standard 

340 mu assay, and since these microsomes catalyze the quantitative re- 

duction of both 2,6-dichlorophenol-indophenol and ferric iron in the pres- 

ence of TPNH, the time curves describing the disappearance of the dye 

(610 mz) and the appearance of ferrous o-phenanthroline (510 my) could 

be obtained (14). Known amounts of TPNH gave straight line curves 

with both assay methods. 

Malic dehydrogenase was assayed according to the method of Mehler 

and coworkers (15), lactic dehydrogenase by the procedure of Kubowitz 

and Ott (16), and catalase activity by the method of Bonnichsen et al. (17). 

Since lactic and malic dehydrogenases were assayed in particulate suspen- 

sions, the Beckman model DK-1 recording spectrophotometer was used, 

and frequent base lines were obtained. 

Results 

Inhibition of Microsomal Enzymes—Table I indicates that Amphenone B 

inhibits the hydroxylation of progesterone, the oxidative cleavage of 17a- 

hydroxyprogesterone, and the reduction of androstenedione by testicular 

microsomes. 

Table II indicates that these testicular microsomes contain a TPNH ox- 

idase system (DPNH is inactive) and that this TPNH oxidase is blocked 

by Amphenone B and testosterone. A soluble TPNH oxidase has also 

been observed in the supernatant fluid (after centrifugation at 100,000 

X g) from these testicles. This soluble TPNH oxidase is partially puri- 

fied by use of hydroxyapatite (18) and protamine sulfate, but it is not 
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affected by 10-? m Amphenone B. ‘Table II further shows that the two 

steroids which are oxidized by these microsomes do not block the TPNH 

oxidase, as does the enzymatically inert steroid, testosterone. 

Figs. 1 and 2 demonstrate that other microsomal enzymes, 7.e. lactic 

dehydrogenase and malic dehydrogenase, are also blocked. However, 
° 

TABLE | 

Steroid Oxidation and Amphenone B 

| | | 
| Formation 

Experi- | Am- te, Ge See 

—_ Substrate | Enzyme (1.5 ml.) | on oe Ate Hy- be mee 

NO. } - tos- cetic 
| soaane- jaune weld 
| terone | 

| ¥ | per cent lper cont | per emt 

1 | Progesterone-21-C™, 0.5 umole | Microsomes 0 15 83 85 

2 i 05 “ as 10? mu 5 0 0 
3 sip 05 ” 10-* “| 10 15 20 
4 | 17a-Hydroxyprogesterone, 0.5 | ” 0 | 25 | 

umole | | 

5 | 17a-Hydroxyprogesterone, 0.5 | ™ | 10-* mj 0 | 
umole | | 

6 | 17a-Hydroxyprogesterone, 0.5 2 1: 10 
umole | 

7 | Androstenedione, 0.5 umole " | 0 95 

8 5 “ ” 10-3 m} 15 

9 sae 05 “ Soluble en- | 0 75 
zyme 

10 " os * Soluble en- 10-° m 73 
zyme 

} 

Each flask contained, in addition to the substances listed, 0.3 ymole of TPN, 5 

pmoles of glucose 6-phosphate, NaCN, 10~‘ m, and sufficient glucose-6-phosphate 

dehydrogenase (obtained from the Sigma Chemical Company) to reduce all the added 

TPN in 1 minute. The microsomes were the 30,000 to 100,000 X g particles obtained 

from testicular homogenate (10 ml. of 0.02 m Tris-HCl buffer per three guinea pig 

testicles). The soluble enzyme was the 100,000 X g supernatant fluid. Incubations 

were performed in closed flasks at 30° for 1 hour with Oz as the gas phase. The 

enzymatic products were assayed as described in the text. 

these two enzymes are not inhibited in the soluble forms present in the 

testicular supernatant fluid, and the microsomal enzymes are not inhibited 

when incubated in Tris buffer at pH 5.8. The incubations were performed 

at this pH value because the basic Amphenone B at a concentration of 

10-* m is soluble in water at this pH. Fig. 5 indicates that, at pH 5.8, 

Amphenone B is not adsorbed to microsomes, whereas at pH 7.0 it is. 

Fig. 2 further demonstrates that this Amphenone B inhibition of malic 

dehydrogenase persists after the microsomes have been resedimented and 
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suspended in buffer which does not contain Amphenone B. Since the 

supernatant fluid from these microsomes exposed to Amphenone B did 

not contain any excess malic dehydrogenase activity, it is not likely that 

the Amphenone B acted by dissolving the malic dehydrogenase within 

the microsomes. 

TaBLeE II 

Inhibition of Testicular Microsomal TPNH Oxidase by Amphenone B and Testosterone 

Exper-| ca } | Sut 
iment Enzyme Inhibitor TPNH Oe used TPNH used | >¥Strate 
No. | use 

| | pmole pmole | pmole | 

1 MTO* | t | 0 | 0.0 | 
2 = | t 0.5 | 0.22 | 0.34 
3 a | Amphenone B, 107? | 0.5 | 0.0 | 0.06 

M | 

4 . Testosterone, 0.5 | 0.5 | 0.1 | 0.15 | 
| mole | | 

5 | * | Progesterone,0.5 | 0.5 | 0.41 | 0.5 | 0.31f 
| mole | | 

6 " | 17a-Hydroxyproges- | 0.5 0.27 | 0.42 | 0.22t 
| | terone, 0.5 umole | | | 

7 | " | Androstenedione, | O56 | 0.14 | 0.36 | 0.3 
| 05 pmole | | 

8 " | Ne |; 05 | O1 | 0.1 

Each flask contained 2 ml. of enzyme and NaCN, 10~ M, in addition to the sub- 

stances listed. Incubations were made under air or Ne at 30° in 0.02 m Tris-HCl 

buffer. TPNH was assayed at the end of and during incubation on aliquots of the 

reaction mixture by 2,6-dichlorophenol-indophenol reduction and by iron reduc- 

tion. 

* MTO = testicular microsomes washed with 1 m NaCl. 

t Of the 0.31 umole of progesterone oxidized, 70 per cent was converted to 17a- 
hydroxyprogesterone and 20 per cent to testosterone. 

t The steroid product was 100 per cent testosterone. 

Rate curves were also obtained with other pyridine nucleotide-dependent 

enzymes in the microsomes; 7.e., DPNH and TPNH cytochrome c re- 

ductases, and again the inhibition by Amphenone B was observed (Fig. 3). 

However, no inhibition of microsomal iron reductase or 2 ,6-dichlorophenol- 

indophenol diaphorase was observed, whereas catalase and ascorbic acid 

oxidase were inhibited (Fig. 4). Catalase activity was measured mano- 

metrically and by titration with permanganate. Ascorbic acid oxidase 

was measured only manometrically. 

Inhibition of Adsorption by Amphenone B—Previously it had been shown 

that testicular microsomes have rather specific and marked adsorptive 
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200 AMP.B pH 70 
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D S LDH (MICROSOMAL) pH 58 
2 Lbx(sOuuBLe}  *AMPB 
S LOH") + AMRB | 2 | 
a 
oO LDH (MICROSOMAL) pH 70 

| "i . ) ANILINE 10°3M 

2 2.2 3 
MIN 

Fic. 1. Inhibition of microsomal lactic dehydrogenase by Amphenone B. Incu- 

bations were carried out at room temperature in Beckman cuvettes, 1 cm. light path, 
at pH 7 (Tris-HCl, 0.1m). LDH (microsomal), testicular microsomes washed twice 

with 1 m NaCl, obtained from the same guinea pig testicle (0.3 ml. of a suspension 

whose optical density was 1.0 at 280 my) (18). LDH (soluble), crystalline lactic 

dehydrogenase obtained from Dr. George Schwert, Jr. Amphenone B (AMP-B) was 

10-3 m in all incubations. (Blanks, without sodium pyruvate, were run in each ex- 

periment. These blanks indicated that these microsomes possess no DPNH oxidase 
activity.) 

va 
a 

~ 300 
eg Wash +AMP B 
sis Wash (Control) 
> .2504 M(Washed € AMP B) 

w 

G .200 4 Washed M (Control) 

e M 
= .150 4 

5 Soluble MDH €+§ AMP. B 
oO 100 4 

MIN. 

Fic. 2. Microsomal malic dehydrogenase after exposure to Amphenone B. The 

conditions are the same as in Fig. 1. The microsomes were exposed to 10-? m Am- 

phenone B (AMP-B) for 10 minutes at 0°, and then resedimented. Both the micro- 

somes (M washed with Amp-B) and the 100,000 X g supernatant fluid (wash + Am- 

phenone B) were assayed for the enzyme. Soluble MDH, malic dehydrogenase 
obtained from the Sigma Chemical Company. The enzyme was 0.3 ml. of tes- 

ticular microsomes washed with 1 Mm NaCl. Amphenone B, 10-3 M, was used in all 

incubations. (Blanks, without sodium pyruvate, indicate that these microsomes 

have no DPNH oxidase activity.) 
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properties and that, in low concentration, steroids may be almost quanti- | Am] 

tatively adsorbed. Figs. 5 and 6 indicate that Amphenone B is also ad- | som 

sorbed to these microsomes to a high degree and that, when this drug is 

adsorbed, it interferes with the subsequent adsorption of steroids (18), 

Aniline is not adsorbed, however, and does not interfere with the micro- | — 2 

somal enzymes (Figs. 1 and 5). In these experiments, Amphenone B was 
2c 
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Fic. 3. Inhibition of microsomal TPNH cytochrome c reductase by Amphenone 80 

B (AMP-B). Incubations were carried out at room temperature at pH 7 (Tris-HC)). 

The enzyme was washed testicular microsomes (0.3 ml.); TPNH, 0.2 umole; cyto- 

chrome c, 0.0002 umole; NaCN, 10° m. (The oxidation of reduced cytochrome c 

was completely inhibited by the cyanide in this system.) These microsomes also - 
contained a DPNH cytochrome c reductase which was equally inhibited by Am- 

phenone B. : 
Fig. 4. Inhibition of microsomal catalase by Amphenone B (AMP-B)._ Incuba- 

tions were carried out at room temperature at pH 7; Tris buffer, at pH 7.0. The en- C 

zyme was 0.1 ml. of washed microsomes in a final volume of 3 ml. Amphenone B, 10° A 

M; H2Oz, 60 umoles. 

assayed after its isolation by measuring its intense absorption at 240 mu. F 

The entire ultraviolet spectrum was examined in each experiment to elim- 

inate the possibility that ultraviolet-absorbing material might be leaching 

from the microsomes, and thus obscuring our results. In no case, however, ( 

was there any skewing of the Amrhenone B spectrum. The adsorption 

measurements were made as previously described (18). 

Since Amphenone B interferes with the adsorption and oxidation of 

steroids by microsomes and since those microsomal enzymes which use 

DPNH or TPNH are also blocked by Amphenone B, it was thought that 
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Amphenone B might be similarly inhibiting the adsorption to the micro- 

somes of these coenzymes. However, this could not be demonstrated 

il 
| 100- Steroid - .O5umole - Progesterone-4-C'* 

20 jj va) 

¢ | ul 
® 154 3 
a | 8 75+ 
¢ 104 NaCi-Washed Microsomes <q 
z pH58 > 

5 | (. Non-Washed Microsomes * 

L °- ~~~ Zngine OSM 50 ' 
i j 5 a 103M 104 1075 

AMPHENONE B Lt MOLES AMPHENONE 8B 

Fie. 5 Fia. 6 

Fic. 5. Adsorption of Amphenone B by testicular microsomes. Adsorption 

studies were performed as previously described (18). Aniline and Amphenone B 

were assayed in the supernatant fluid on a recording spectrophotometer by measuring 
their intense absorption at 240 my. Aniline was not adsorbed to either washed or 

non-washed microsomes. 
Fic. 6. Inhibition of microsomal steroid adsorption by Amphenone B. 0.3 ml. 

of microsomes (washed once with 1 mM NaCl) (optical density 1.0 at 280 mu) was ex- 

posed to the Amphenone B for 10 minutes, with stirring, before addition of the ster- 

oid. The steroid was assayed (after centrifugation at 100,000 X g) in the micro- 

somes and in the supernatant fluids by its C™ content. 

TaB_eE III 

Oxygen Tension and Amphenone B Inhibition of Microsomal TPNH Oxidase 

| TPNH used 

"a es | EM. Wiel umole Pris rey 

EOE ee | 0.5 
Amphenone B, 10-* m eiicad et iytan: a 0 

" ~ He ea seresesel 0.15 

«“ “ 10-3 m + 100% Ov........ | 0.1 
«“ “ 10-4 mM + 100% “........) 0.40 

ST ME cw cates cee sce seas Se ome eens 0.02 

The enzyme used was 1 ml. of testicular microsomes washed with 1 m NaCl; in- 

cubation was for 30 minutes at 30° in Tris (0.1 mM), pH 7. TPNH was assayed by 

titrating with 2,6-dichlorophenol-indophenol at the end of the incubation period. 
Each flask contained 0.5 umole of TPNH, and NaCN, 10~‘ M, in addition to the sub- 

stances listed, in a final volume of 1.2 ml. 

since neither DPNH nor TPNH is bound to microsomes in detectable 

amounts in the presence or the absence of Amphenone B (18). 
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An alternative explanation of the TPNH oxidase effects would be the 

inability of O2 to come into contact with the Amphenone B-coated micro- 

somes. Table III indicates that the Amphenone B inhibition can be par- 

tially overcome by increasing the oxygen tension. However, this does 

not explain the inhibition of the anaerobic dehydrogenases. Further, the 

catalytic rates of soluble glucose oxidase and xanthine oxidase, neither of 

which is present in the microsomes, are unaffected by Amphenone B. Since 

these steroid oxidations require TPNH, some data were collected on the 

systems which supply TPNH in the cell. Neither soluble glucose-6-phos- 

phate dehydrogenase nor isocitric dehydrogenase is inhibited by this drug. | 

In none of the systems studied, including the complete testicular ho- 

mogenate, could we demonstrate any metabolism of Amphenone B itself. 

It could always be isolated quantitatively and chromatographically pure. 

This probably rules out the possibility that Amphenone B acts competi- 

tively as an electron drain on the steroid-oxidizing system of the cell. 

DISCUSSION 

Since it has been demonstrated that Amphenone B has rather widespread 

endocrinological effects in vivo, one might expect its blocking effects to be 

related to some fundamental system which endocrine organs have in com- 

mon. However, since, at least in the adrenal gland, it has no effect on 

the major respiratory path but does block the oxidation of steroids by 

enzymes which require TPNH and Osz, its action must be related in some 

way to the parts of the cells which use this more specific oxidative pathway. 

This paper would indicate that the blocking action of Amphenone B re- 

quires the presence of cell structure, 7.e. microsomes, because the enzymes 

thus far tested are inhibited only when they are contained within the 

microsomal structure. The marked inhibition of the microsomal TPNH- 

specific oxidase may well explain why this drug prevents the oxidation of 

the steroids because steroid oxidation in the testes can be accomplished 

only when the TPNH is being oxidized simultaneously. Since data from 

this laboratory indicate that the TPNH and oxygen are needed in stoichi- 

ometric amounts (9), it would appear that the actual oxidant is either hy- 

drogen peroxide or a hydroxyl radical. Thus, when the generating system, 

TPNH oxidase, is blocked, no oxidation of the steroids can occur. 

The fact that Amphenone B also blocks the ability of the microsomes 

to adsorb the steroids could also explain the inhibition of their oxidative 

as well as their reductive enzymes, in that the steroid substrate would be 

unable to penetrate to its enzyme within the microsome. 

Repeated attempts to render these steroidal microsomal enzymes solu- 

ble have failed; therefore, the effects of Amphenone B on soluble steroid 

hydroxylases have not been studied. However, androstenedione reductase, 
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as well as the 17a-hydroxy, 20-keto reductases (which are present in the 

soluble 100,000 X g supernatant fluid) (9), are not inhibited by Amphenone 

B (Table I). 

The only microsomal enzymes thus far tested which are not inhibited 

by Amphenone B are the diaphorases and the iron reductases. Since 

these diaphorases can be readily removed from the microsomes by washing, 

perhaps these enzymes are always in the “soluble form,” thus accounting 

for the inability of the Amphenone B to block their action. A similar 

statement can be made for the microsomal iron reductase; Weber et al. 

(14) have shown that any flavin, free or protein-bound, will act as an iron 

reductase, and Amphenone B does not inhibit this type of reduction of 

soluble iron by non-protein systems. 

The sum of these data suggests that Amphenone B is a general micro- 

somal poison. This toxic effect is probably related to the marked affinity 

of microsomes for Amphenone B at pH 7 which may be related to the 

strong basicity and water insolubility of the Amphenone B. Other basic 

materials, such as cytochrome c (18), and many water-insoluble substances 

are also strongly adsorbed to the microsomal surface. However, aniline, 

despite its basicity and low solubility, is not adsorbed by these micro- 

somes, and it does not inhibit (at 10-* m) the microsomal oxidases or pyr- 

idine nucleotide reductases. 
From the previous observation that microsomes can affect the rates of 

reactions catalyzed by soluble enzymes, plus the fact that substances like 

Amphenone B and testosterone can inhibit intramicrosomal enzymes, a 

simple generalization appears: intracellular metabolic rates can be con- 

trolled by intracellular surfaces and architecture; furthermore, substances 

that alter the character of these surfaces, by adsorption or otherwise, can 

interfere with this function of these surfaces. 

SUMMARY 

Amphenone B inhibits the catalytic activities of many enzymes in tes- 

ticular microsomes. However, if these enzymes are in the soluble state, 

no inhibition by Amphenone B can be demonstrated. 

BIBLIOGRAPHY 

. Rosenfeld, G., and Bascom, W. D., J. Biol. Chem., 222, 565 (1956). 

2. Hogness, J. K., Williams, R. H., and Lance, M., Proc. Soc. Exp. Biol. and Med., 

79, 43 (1952). 
3. Allen, M. J., Hertz, R., and Tullner, W. W., Proc. Soc. Exp. Biol. and Med., 74, 

632 (1950). 
. Hertz, R., Tullner, W. W., Schricker, J. S., Dhyse, F. G., and Hallman, L. F., 

Recent Progress Hormone Res., 11, 119 (1955). 

5. Brodie, B. B., Axelrod, J., Cooper, J. R., Gaudette, L., La Du, B. N., Mitoma, 

C., and Udenfried, S., Science, 121, 603 (1955). 

— 

_ 



1014 AMPHENONE B INHIBITION OF MICROSOMES 

16. 
a. 
18. 

19. 

. Hayano, M., Lindberg, M. C., Dorfman, R. I., Hancock, J. E. H., and 
Doering, W. von E., Arch. Biochem. and Biophys., 59, 529 (1955). 

. Ryan, K. J., and Engel, L. L., J. Biol. Chem., 225, 103 (1957). 

. Lynn, W.S., Jr., Federation Proc., 15, 305 (1956). 

. Lynn, W.S., Jr., and Brown, R., Biochim. et biophys. acta, 21, 403 (1956). 

. Zaffaroni, A., and Burton, R. B., J. Biol. Chem., 198, 749 (1951). 

. Bush, I. E., Biochem. J., 50, 370 (1951-52). 

. Neher, R., and Wettstein, A., Helv. chim. acta, 35, 276 (1952). 

. Staple, E., Lynn, W. S., Jr., and Gurin, S., J. Biol. Chem., 219, 845 (1956). 

. Weber, M. M., Lenhoff, H. M., and Kaplan, N. O., J. Biol. Chem., 220, 93 (1956). 

. Mehler, A. H., Kornberg, A., Grisolia, S., and Ochoa, S., J. Biol. Chem., 174, 961 
(1948). 

Kubowitz, F., and Ott, P., Biochem. Z., 314, 94 (1943). 

Bonnichsen, R. K., Chance, B., and Theorell, H., Acta chem. Scand., 1, 685 (1947). 

Lynn, W.S., Jr., Brown, R. H., and Mullins, J., J. Biol. Chem., 282, 995 (1958). 
Tiselius, A., Hjertén, S., and Levin, 6., Arch. Biochem. and Biophys., 65, 132 

(1956). 

XUM 



H., and 

b). 
3 (1956). 
174, 961 

5 (1947), 
(1958). 
65, 132 

THE CONVERSION OF PROGESTERONE TO 

ANDROGENS BY TESTES* 
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(From the Department of Biochemistry and Medicine, Duke University School 
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Studies from this laboratory (1-3) and others (4, 5) have indicated that 

testicular extracts are capable of oxidizing progesterone to testosterone 

and acetic acid. Preliminary data from this laboratory indicated that the 

enzymatic activity was associated with the microsomes, that reduced tri- 
phosphopyridine nucleotide (TPNH') and oxygen were essential for the 

reactions, and, further, that cyanide was impressively stimulatory. This 

report deals with some properties of the four enzymes thus far implicated; 

namely, (1) progesterone — 17a-hydroxyprogesterone; (2) 17a-hydroxy- 

progesterone — androstenedione + acetic acid; (3) androstenedione = 
testosterone; and (4) 17a-hydroxyprogesterone — A*-pregnene-17a ,208- 

diol-3-one (and some of their properties). 

EXPERIMENTAL 

Substrates—Progesterone-4-C“ and progesterone-21-C were obtained 

from commercial sources and were found to be chromatographically pure. 

A‘-Pregnene-17a ,208-diol-3-one, as well as the 20a isomer, was obtained 

from Dr. T. Gallagher and Dr. I. Salamon of the Sloan-Kettering Insti- 

tute for Cancer Research. All other steroids were obtained from com- 

mercial sources. Melting points and chromatographic purity were checked 

for each of the substrates. 

All of these water-insoluble substrates were dissolved in ethanol, and 

small volumes of the solutions were added directly to the incubation mix- 

tures. After incubation, proteins were precipitated by 2 volumes of eth- 

anol, and the products were isolated from the filtrate. 

Isolation and Identification Procedures—In experiments in which pro- 

gesterone-21-C was used, radioactive acetic acid was isolated directly 

from the incubation mixture by distillation. The acetic acid was further 

separated by two paper chromatographic systems, either as the free acid (6) 

* Supported by the United States Public Health Service, grant No. RG4758. 

+t Markle Scholar in Medical Sciences. 
1 The following abbreviations are used in this paper: TPNH, reduced triphospho- 

pyridine nucleotide; Tris, tris(hydroxymethyl)aminomethane; DPNH, reduced di- 

phosphopyridine nucleotide; TPN, oxidized triphosphopyridine nucleotide; PP, 

sodium pyrophosphate. 
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or as the ammonium salt (7). Final identification was accomplished by | 

the addition of carrier acid and the preparation of two derivatives, the 

anilide and the p-toluide. These derivatives were recrystallized to con- 

stant specific activity. 

To distinguish further between formic and acetic acids, a Duclaux con- 

stant was obtained (Table I). Slaunwhite and Samuels (4) reported that 

they found formic acid in a similar testicular extract; however, no formic 

acid was obtained in our incubations. 

Radioactive Steroid Products—In experiments in which progesterone-4-C" 

was the substrate, the steroids were extracted with ether and then sepa- 
rated by the paper chromatographic procedures of Zaffaroni and Burton (8) 

and Bush (9). After separation by these two different methods, the four 

enzymatic products, 17a-hydroxyprogesterone, testosterone, androstenedi- 

one, and A‘-pregnene-17a ,208-diol-3-one, were eluted from the chromato- 

grams, carrier steroids were added, and crystallizations to constant specific 

activity were carried out (Table I). A‘-Pregnene-17a ,208-diol-3-one is 

easily separable from its 20a isomer in the chromatographic system of 

Zaffaroni (Table II). The dihydroxyketopregnene was further identified 

by the isolation of radioactive acetaldehyde as the product of the bismu- 

thate oxidation of the side chain of the radioactive dihydroxyketopregnene. 

The acetaldehyde was trapped as its 2 ,4-dinitrophenylhydrazone, and this 

product separated on the paper chromatographic system previously de- 

scribed (10). Carrier hydrazone was then added, and this was crystallized 

to constant specific activity. (The only two steroids of this group which 

are difficult to separate are testosterone and 17a-hydroxyprogesterone; 

however, these two steroids were separable in a modified Zaffaroni paper 

chromatographic system; 7.e., the paper strips were dipped in a mixture 

of propylene glycol and methanol, ratio 1:3 rather than 1:1) (Table I). 

In experiments with non-labeled substrates, the steroids were determined 

after separation and elution by measuring their absorption at 240 mu. 

Since these testicular extracts contain no 3-keto reductases, quantitative 

recoveries could be obtained with the spectral assay. The 17-ketosteroids 

were also determined colorimetrically by the Zimmermann reaction (11). 

Appropriate paper chromatographic blanks without substrate were run 

in all cases. To insure further that the 240 my absorption represented 

only steroid absorption, the spectra of ethanolic eluates between 210 and 

300 my were obtained by a model 11 Cary recording spectrophotometer. 

In all experiments, the ultraviolet absorption in this region was charac- 

teristic of the A4,3-keto structure of the steroids. 

Enzyme Preparation 

Preparation of Microsomes—All four enzymes were found to be much 

more active in their particulate state. These particles were obtained by 

he 

gu 
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shed by | homogenizing (Potter-Elvehjem homogenizer) the decapsulated testes of 

ves, the | guinea pigs in 0.02 m Tris-HCl buffer (pH 7.0). The large inactive parti- 

to con- 
TABLE | 

\UX Con- Radioactivity of Products and Derivatives Obtained from Radioactive Progesterone con wlhcate na | eS Se 

ted that No. | Radioactivity* 

) formic Compound | hh. Solvent ERE, | ar = 

| lizations Weight | Total | 

ne-4-C4 | _ atin - te a “ | on ” 
1 sepa- | mpt | mg. | Po geod 

rton (8) Androstenedione | 172 1 Methanol 33 | 2000 | 60 
the four 174 2 16 930 | 58 
stenedi- 174 3 | 14.1] 798 | 57 
romato- | 173 4 10.2 | 552) 55 

+] » | 

— ific 17a-Hydroxyprogesterone | 221 1 | Methanol 45 5000 | 111 
-one is | 223 2 | 25 2560 | 102 
stem of | 223 3 | 9.7 | 1052 | 107 
entified | 
bismu- A‘-Pregnene-17a,208-diol-3- | 195-202 1 | Methanol- | 10.1 | 3500 | 347 

. one | 195-200 | 2 | water 5 1640 | 324 
—— | 196-200} 3 | 1.7 | 560 | 330 

und this | | 

sly de- Acetaldehyde-2,4-dinitro- | 165 | 1 | Ethanol | 27 600 | 22 

tallized phenylhydrazone 165 | 2 17 345 | 20 

» which | 167 3 | 6.1 | 115} 19 

terone; Testosterone 154 | 1 | Methanol 42 4500 | 107 
1 paper 155 2 | 21.2 | 2050 | 96 

nixture 155 3 9.7 | 1025 | 105 

ible I). | 
rmined Anilide of acetic acid 112 1 Methanol- | 400 6000 | 15 
40 112 | 2 water 148 2010 | 13 

~ }14 | 3 22 340 | 15 
‘itative | | 4 | 6.1| 101 | 16 
teroids | | | | 
n (11). p-Toluide of acetic acid | 1 | 1 | Methanol- | 200 4000 | 20 

are run jn | water | 95 | 1760 | 18.5 
}47 | 8 | 26 | 460 | 17.6 

sented 7 Se ES al a sail ; 

10 and Duclaux constant of radioactive acetic acid (3800 counts) 
ymeter. ee eR eee Sonera 1 

sharac- Ist 10 ml. Counts, 140 | Found,f{ 5.6 |  Theory,t 6.8 
2nd 10 “ 7 ee | «Ga 4 = 4 
3rd 10 “ | - wm ’ 7.6 o 7.4 

- much t All melting points were performed on a Fisher-Johns electric apparatus. 

ned by t Ratio. 
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cles were removed from this homogenate by centrifugation at 10,000 x g en 
for 15 minutes, and the small active particles were obtained from this | y; 
supernatant fluid by centrifugation at 100,000 x g for 20 minutes. The we 

latter particles were then suspended by gentle homogenization in sufficient an 

m 
TABLE II 

ee pe 
Localization of Testicular Enzymes to 

Radioactive products recovered pr 

Enzyme mi ee an = in 

juss: | awe | 
—_ ————__— — a —— = — | Ww 

per cent per cent : 

Supernatant fluid, 100,000 x g 7 0 ‘ 

Small particles, 10,000-100,000 X g 20 25 fl 
| Se 

Large “ 2000-10,000 X g 0 0 0 
Supernatant fluid ” 

0-50% (NH,) SOx, fraction* 15 6 7 
Soluble 0-50% (NH,)2S80, fraction 0 0 I 
Insoluble 0-50% (NH,) SO, fraction 15 14 h 

Small particles + supernatant fluid 15 70 s 

Washed small particles — supernatant fluid 2 0 ‘ 

3 ss = + = | 20 60 | 

Enzyme, the amount of enzyme used per incubation corresponded to that amount 

of material obtained from one-half of a guinea pig testicle. Substrate, 0.3 umole of ( 

progesterone-4-C (10,000 counts). Incubation, 0.02 m Tris-HCl, pH 7.0, at 30° for 
1 hour. Gas phase, air. Additions, TPN 0.02 umole, glucose-6-phosphate dehy- 

drogenase 0.5 unit (see the footnote below). Glucose 6-phosphate 5.0 umoles, and 

NaCN 10-' m. Washed small particles; particles washed twice with 10 ml. of 1 m 
NaCl. 

* The supernatant fluid was precipitated with (NH,) SO, (50 per cent saturated), 

and this precipitate, resuspended in Tris buffer and then recentrifuged at 100,000 X g 

for 15 minutes (see ‘‘Insoluble 0-50 per cent (NH,) SO, fraction’’), contained the en- 
zymatic activity. The TPNH-generating system was equally active in all fractions. 

Tris buffer to give an emulsion with an optical density of 1.0 at 280 mu. 

The constituents of these microsomes were previously reported (12). 

Fractionation Procedures—Attempts by various procedures to dissolve 

these microsomes failed, but it was observed that the inactive soluble 

100,000 X g supernatant fluid could be made active by precipitating the 

proteins either with salt or ethanol or by dialysis against buffer. How- 

ever, in each instance it was found that the generated activity resided in 

the insoluble precipitates produced by these procedures (Table II). These 

observations appeared to indicate that, although these enzymes were pres- 

XUM 



00 X g 

om. this 

s. The 

ifficient 

recovered 

cetate 

—... 

er cent 

amount 

mole of 

30° for 
» dehy- 

es, and 
of lm 

irated), 

00 X g 
the en- 
ictions. 

30 mu. 

2). 

issolve 

oluble 

ng the 

How- 

ded in 

These 

> pres- 

W. S. LYNN, JR., AND R. H. BROWN 1019 

ent in a soluble form, they were active only in the presence of particles. It 

was further observed that these active particles could be inactivated by 

washing them repeatedly with either 0.02 m Tris buffer or with 1 m NaCl 

and that their enzymatic activity could be regenerated by reexposure to 

more 100,000 X g supernatant fluid. From this observation it appeared 

possible to fractionate the enzymes soluble in the supernatant fluid and 

to assay them in the presence of the washed inactive particles. This 

proved to be the case. However, since these enzymes were usually largely 

inactivated by salt, ethanol, or isoelectric precipitations, the most useful 

method of separation thus far found was adsorption and gradient elution, 

with the hydroxyapatite columns of Tiselius e/ al. (13). Columns, 4 X 1 

em., containing 75 gm. of hydroxyapatite, were sufficient to adsorb and 

to separate over 90 per cent of the protein obtained in the supernatant 

fluid from six guinea pig testicles (about 20 ml. in volume). Elution and 

separation were effected by eluting these columns with four 10 ml. fractions 

of phosphate buffer, pH 6.8, of increasing ionic strength; Fraction 1, 0.001 

m phosphate buffer; Fraction 2, 0.01 m; Fraction 3, 0.1 M; and Fraction 4, 

1.0m. The 1 m buffer removed most of the remaining protein, including 

hemoglobin (Table III). The last two fractions were then dialyzed against 

sufficient water to make the final phosphate concentration 0.05 m. As 

shown in Table III, the two reductases as well as the two oxidases could 

be easily separated; however, the androstenedione reductase contaminated 

both oxidase fractions. Since these fractions are still unstable (50 per 
cent of activity lost in 24 hours), no further purification has been obtained. 

Although the two reductases were initially present in the supernatant fluid 

(100,000 X g), the ratio of their activities could be greatly accelerated by 

the addition of the washed microsomes. 

Incubations—These were routinely made in closed vessels at 30° with 

shaking at pH 7.0 in either 0.01 m phosphate or 0.02 m Tris buffer. Con- 

sumption of oxygen was measured by the conventional Warburg tech- 

nique. 

Results 

Guinea pig and rat testicles were used as the source of enzymes. Rat 

testicles were appreciably active only after injection of the animals daily 

for 2 weeks with 25 units of chorionic gonadotropin (Upjohn) per day. 

Guinea pig glands were equally active both before and after injections of 

chorionic gonadotropin. Since the rat glands contained only slight 

amounts of androstenedione reductase, the cleavage product from proges- 

terone or 17a-hydroxyprogesterone was primarily androstenedione, whereas 

in the guinea pig testosterone was the cleavage product isolated. How- 

ever, the androstenedione reductase obtained from the guinea pig could be 
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inhibited at pH 8.5, and, under these conditions (the cleavage enzyme is 

still appreciably active at pH 8.5), the product obtained with the guinea 

pig preparation was also androstenedione (Table VIII). Table IV indi- 

TaBLeE III 

Enzyme Fractionation 

Enzyme fraction Protein | Enzymes present Activity 

mg. per ml. per cent 

Microsomes + supernatant | 

aE t tte Bea ee 1.2 All 4 | 100 

NDS oh lis-cls scinwen ian’ ~ | 60 

Washed microsomes*....... Traces >1 
“cc 6“ + su- 

pernatant fluid............ 1.2 All 4 86 

Supernatant fluid only. ..... 1.2 >1 
Washed microsomes + Frac- 

i Re ee ane ere 0.04 Traces >1 
Washed microsomes + Frac- 

eee ee 0.02 208-Reductase 70 

Washed microsomes + Frac- 

Ee ee 0.04 - 15 
Washed microsomes + Frac- 

MU Clean erate set 0.22 Androstenedione reductase, 60 

17a-hydroxylase 90 
Washed microsomes + Frac- 

pea Cea 0.66 Androstenedione reductase, 30 

17a,20-keto cleavage enzyme | 50 

Enzyme, all incubations contain that portion of protein which was obtained from 
one-half of a guinea pig testicle by the fractionation procedures. The fractions 

represent eluates from hydroxyapatite columns (see the text). Incubations, Tris- 

HCl buffer, pH 7, for 30 minutes at 30° with air as the gas phase. Additions, TPN 

0.02 umole, glucose 6-phosphate 5.0 umoles, glucose-6-phosphate dehydrogenase 0.5 
unit. Substrate, 0.3 umole of each substrate for each enzyme was added in 0.02 ml. 

of ethanol, and the products were assayed, after chromatographic separation, by 

their adsorption at 240 mu. Per cent activity, amount of product produced in 30 

minutes expressed as per cent of the activity of microsomes plus the supernatant 

fluid. Assays were for the 208-reductase, 17a-hydroxylase, 17,20-cleavage enzyme 

and androstenedione reductase. To assay the 208-reductase, it was necessary to 

inhibit the 17,20 cleavage enzyme. This could be done under anaerobic conditions. 

* Microsomes washed twice with 10 ml. of NaCl (1m). 

sates that TPNH and O, are specific and are the only cofactors necessary 

for the oxidases, whereas TPNH is the only cofactor necessary for the 

reductases. Cyanide, 10-4 M, pyrophosphate, 0.002 mM, and carbon monox- 

ide, 5 per cent, had stimulating effects on all of the enzymes. These effects 

were probably the result of the inhibition of cytochrome oxidase, which 

wa 
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was present in these particles (as is TPNH cytochrome c reductase) (11). 

Although these particles contain only trace amounts of porphyrins (12), 

cytochrome oxidase, as measured by the oxidation of reduced cytochrome c, 

TABLE IV 

Cofactor Requirements 

Progesterone-21-C" | or =" 

Substrate additions \Ta-Hy- | | : 

drony- acetate | “Ketopres- (Testo: | pregnene-| Testor 
terone | | - 

per cent |per cent | per cent per cent | per cent per cent 

Ne 5. < aroiainscsaa staarc a win tinnlens 4 0 | 0 0 0 2 

eer errr 10 0 5 0 7 15 

co ee eee eee 15 35 5 30 10 80 

US SS err eer 4 ); 0 | 7 0 3 11 

Peroxide generators,f 3 umoles & i 67 0 0 0 6 

TPNH, 1 umole + Nz.......... 10 4 25 4 29 75 

«1 * +OCN10%u..| 4 | 9 | 5 80 7 100 
sig 1 ‘“ + PP, 2 umoles. 8 | 8 | 0 80 10 100 

. 1 * + COS pe | | 
RE eer eres eee eee 15 | 70 | 10 50 | #15 100 

TPNH, 1 umole + malate, 5 
SAME 58, jxtorrin ie wad glen More 20 | 75 | Trace 50 17 100 

TPNH, lumole + NaCl,0.02m.| 15 | 60 | 10 «| 55 20 100 

“ 1 ymole + Ne + NaCl, | 

I cals is subans 20 | O 45 | 5 | 5O | 100 
TPNH, 1 wmole + catalase, 0.5 | | | | 

= eee } 21 | 37 | Roy 

Enzyme, microsomes obtained from one-half of a guinea pig testicle per incuba- 

tion. Substrates, 0.3 umole of each, added in 0.02 ml. of ethanol. Incubation, 1 

hour at 30° in 0.02 m Tris-HCl at pH 7 in a final volume of 2ml. Products, all ster- 
oids assayed after chromatographic separation by their absorption at 240 mu. The 

radioactive acetate was counted. The numbers refer to the per cent of the added 

substrate. 
* A‘-Pregnene-17a, 208-diol-3-one. 
+ The peroxide generators used were glucose oxidase and xanthine oxidase (hy- 

poxanthine used as a substrate for the xanthine oxidase). 

is present in these particles, and also is inhibited by 10-° m NaCN. These 

particles are also much more active in the presence of salt (NaSO., KeSOu,, 

NaHPO,, KCl, NaCl, MgCl.) in concentrations of 0.002 to 0.02 m. Ta- 

ble V shows that all four enzymes are more active in the presence of salt. 

Stoichiometry—Table VI shows that each oxidative step, i.e. the hy- 

droxylase and the cleavage enzyme, uses approximately 1 mole of O, per 
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1 mole of TPNH. The results are complicated by the fact that the en- 

zymes could not be separated adequately, by the presence of non-spe- 

cific TPNH oxidases in these microsomes, and by the presence of the 

17a-reductase which is also competing for the TPNH. However, the 

amount of TPNH used by the 17a-reductase, i.e. the amount of testosterone 

formed, is known, and, by subtracting this amount from the total, the 
amount of TPNH used in the oxidative steps can be obtained. The data 
indicate that the oxidation of 1 mole of progesterone to androstenedione 

TABLE V 

Stimulation of Microsomal Enzymes by Salts 

| Substrate: 17a-hydroxy- Substrate: progesterone- 
| 21-C4 progesterone 

Testosterone formed | Acetate formed 

M per cent per cent 

Control 14 10 

Na2SO, 0.0005 16 10 

8g 0.002 92 70 

- 0.02 85 50 
NaHPO, 0.002 90 60 

a 0.02 60 15 

eg 0.002 95 100 

i 0.02 25 20 

KCl 0.02 60 30 

NaCl 0.02 60 30 

K280,4 0.02 90 40 

MgSO, 0.02 40 30 

0.002 82 35 

Each incubation contained 0.3 umole of substrate, 0.8 umole of TPNH and NaCN, 

10-5 mM in 2 ml. volume. The enzymes were microsomes obtained from one-half of a 

guinea pig testicle per incubation in Tris-HCl buffer, pH 7. Gas phase, air, at 30°, 

for 1 hour. The products were assayed in the same manner as in Table IV. 

requires approximately 2 moles each of O. and TPNH, and that the oxida- 

tion of 17a-hydroxyprogesterone to androstenedione requires 1 mole of 

each (3). Confirmation of this 1:1 ratio of TPNH and QO, was also ob- 

tained by using washed microsomes plus the supernatant fractions of the 

hydroxyapatite columns. Since the stoichiometry implied that these en- 

zymes were peroxidatic, other sources of enzymatic peroxide, xanthine 

oxidase and gluccse oxidase, were used; however, these peroxide generators 

(Table IV) could not replace the need for TPNH. Moreover, catalase 

did not inhibit these oxidative enzymes. Therefore, if peroxide is the 

oxidant, it is not free peroxide, but peroxide generated in or on these par- 

ticles by TPNH. 
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Inhibitors—Table VII indicates that all of these enzymes, in the pres- 

ence of microsomes, are inhibited by p-chloromercuribenzoate but not by 

iodoacetate. Interpretation of these data on inhibitors is difficult because 

of the fact that many of these inhibitors tended either to clump or to pre- 

cipitate the microsomal emulsion; thus the results of such data may be 

interpreted simply by means of their “detergent” activity on the particles. 

TaBLeE VI 

Stoichiometry of Enzymatic Reactions 

| a TPNH |Substrate|Substrat ge amd 
Oz used used cadiesd codeeed Product ‘den? 
| Ox used 

| pmole pmoles | pmole umole pmole 

Control (no substrate)..| 0.11 | 0.15 0 1.3 

_ (“ TPNH)....| 0.08 

Progesterone, 1 uwmole...| 0.76 | 1.0 0.55 | 0.2 17a-Hydroxy- 
progesterone 

Testosterone, 0.2} 0.98 
3-Ketopregnene- 

diol,* 0.05 

17a-Hydroxyprogester- 
one, 1 wmole.......... 0.51 L.A | 0.46 | 0.4 Testosterone, 0.4) 1.14 

Androstenedione, 1 

ce tatind | 0.18 | 1.1 | 0.95 - 0.91 
Testosterone, 1 umole...) 0.03 | 0.08 | 0.05 | Androstenedione, 

| 0.05 

Enzyme, microsomes from 1 guinea pig testicle. Each flask contained 1 umole of 

substrate (added in 0.02 ml. of ethanol), TPNH, 1.3 wmoles, NaCN, 10-‘ m, Tris 

buffer 0.02 m, pH 7, to a final volume of 2 ml. at 30°. TPNH was measured by titra- 

tion of the incubation mixture with 2,6-dichlorophenol-indophenol at the end of the 

incubations (3). O2 was measured with standard Warburg flasks and substrates 

were measured, after separation by paper chromatography, by their adsorption at 

240 muy. 

* A4-Pregnene-17a, 208-diol-3-one. 

However, since inhibitory phenomena are not present for all enzymes in 

the microsomes, the effects may be specific. The hydroxylase and the 

reductases are stable to most of the inhibitors, but the cleavage enzyme is 

inhibited by a number of reagents like Versene, and other metal-chelating 

agents such as diethyl dithiocarbamate, a,a-dipyridyl, and o-phenanthro- 

line, as well as heavy metals such as iron and copper. Although other 

hydroxylases are known to be metal-containing, for example phenol ox- 

idase (14), these data seem to imply that the cleavage enzyme rather than 

the steroid hydroxylase is a metal-containing enzyme. 



1024 PROGESTERONE CONVERSION TO ANDROGENS 

Effects of pH—Table VIII indicates the apparent pH optimum of the 
various enzymes in microsomes. The cleavage enzyme is most active at 

pH 7, whereas the hydroxylase is still quite active at pH 8.5. The 208 

reductase and androstenedione reductase are inhibited at alkaline pH val- 
ues and are active at values as low as pH 6. 

Effects of Hydrolytic Enzymes—To ascertain the type of structure or 

membrane which maintained the insolubility and catalytic activity of these 

TABLE VII 

Inhibitors of Steroid Enzymes 

Per cent product formed in 30 minutes 

Inhibitor = ay ta 7 “<Cereaae - 

17a-Hydrox- | Cleavage | Androstenedione 
| ylase enzyme reductase 

Rn tistineas Shs Mhens baakivascnnnehs 40 50 80 
p-Chloromercuribenzoate, 10-? M...........| 0 0 | 10 
I Parl dg nt vid-ste'seie eo des 6 6 se 00% 35 5 | 80 

Diethyl dithiocarbamate, 107? m........... 60 0 80 
| ae | 65 so | (100 
Pyrophosphate, 107 M..................... | 60 75 | 100 
ee ae a 45 0 80 
o-Phenanthroline, 10°? M................ .| 45 25 80 

OS a a er 0 50 70 
0, EEE Er neo ene eer eee 0 | 0 | 100 
EE Os oh sae c caw smewlavianse sats | 40 0 80 

SE a | 40 | oo | 0 
5” re haisarerl 35 43 85 

| 

Enzyme, washed microsomes obtained from one-half of guinea pig testicle per 

flask, plus the appropriate purified enzyme from hydroxyapatite columns (see the 

text). Incubation was performed at pH 7 (Tris-HCl) in 2 ml. of final volume at 30° 

in an open flask. Each flask contained 0.3 umole of the various substrates, 0.6 umole 
of TPNH, and NaCN 10‘ m. The products were assayed after chromatographic 
separation by their absorption at 240 my. 

particles, preliminary treatment of these microsomes with trypsin, ribo- 

nuclease, and pancreatic lipase was performed. Particles obtained from 

guinea pig testicles were incubated at 30° (pH 7, Tris buffer) with 1 mg. 

of each of the above enzymes and then again sedimented. The amount 

dissolved was assayed by measuring the increase of absorption at 260 and 

280 my in the supernatant fluid. Enzyme activity was assayed in the 

usual way in the resuspended particles. Of the three hydrolytic enzymes 

used, only lipase caused any leaching of ultraviolet-absorbing material, 

and it was, likewise, the only enzyme which inactivated the steroid en- 

zymes. If, however, particles which had been treated with lipase were 
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then treated with trypsin and ribonuclease, a further marked increase in 

ultraviolet-absorbing material was obtained in the supernatant fluid (Ta- 

ble IX). This implies that the surface of these particles is largely fat and 

that this fat is necessary for enzymatic activity, and furthermore, that 

this fatty surface protects these particles from the hydrolytic activity of 

trypsin and ribonuclease. 

Sequence of Enzymatic Events—With these impure enzymes, two ques- 

tions arose: was it the A*‘-pregnene-17a ,208-diol-3-one or the 17a-hydroxy- 

progesterone which was the substrate that was cleaved; and was acetate 

TasLe VIII 

Effects of pH on Steroid Enzymes 

Substrate: Progesterone-21-C™, 0.2 umole m 

pH | Products formed | | 

" = | stile aw ° gee | Androstenedione 

Acetate | progesterone | 

| per ent per cont } ~e cent | per cont 

6.0 | 4 | 12 20 | 0 
6.5 20 12 25 0 

7.0 35 18 | 15 0 
7.5 15 | 22 | 11 5 

8.5 11 | 33 | 0 | 12} 
| | | 

Enzyme, microsomes were obtained from one-half of a guinea pig testicle. Incu- 
bation was performed for 30 minutes at 30° in Tris-HCl, pH 7, volume 2 ml. Gas 

phase, air. Products were assayed in the same manner as in Table IV. Additions, 

0.6 umole of TPNH. 
* a‘4-Pregnene-17a, 208-diol-3-one. 

t Because of the difficulty in separating progesterone from androstenedione, the 

formation of androstenedione was noted, 17a-hydroxyprogesterone being used as the 
substrate, and the same results were obtained. 

the actual cleavage product? The first question was answered when the 

3-ketopregnenediol became available in quantity. The equilibrium of the 

208 reductase in the presence of excess TPNH was in favor (90 per cent) 

of the reduced product, and it could be shown under these conditions that 

very little cleavage could be effected, as compared to a similar incubation 
with 17a-hydroxyprogesterone as substrate (Table X). Moreover, in in- 

cubations performed at pH 8.5, cleavage of 17a-hydroxyprogesterone could 

be obtained, but under these conditions microsomes could neither reduce 

17a-hydroxyprogesterone to A‘-pregnene-17a ,208-diol-3-one nor cleave the 

side chain of the latter compound or its 20a epimer. These observations 

made it likely that the actual substrate undergoing cleavage is 17a-hy- 
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TABLE IX 

Effect of Lipase, Ribonuclease, and Trypsin 

Substrate: 0.2 umole of progesterone-21-C™ 

Products formed 

17a-Hydroxy- 3-Keto- 

| 
| | | i a sed+ | progesterone | pregnenediol* | Acetate | Material ar, 

per cent per cent | per cent ‘ 

ree iy ve _e. oo 
Ribonuclease-treated,f 1 mg. 10 20 55 0.05 

Trypsin-treated,f 1 mg..... | 12 15 59 0.03 

Lipase-treated,f 1 mg...... .| 30 | 31 5 0.350 

Lipase + ribonuclease + | | 

GN oo cSaiiodes sy stajrcce dhs 5 10 0 | 0.95 

Enzyme, microsomes obtained from one-half of a guinea pig testicle, preincubated 
with 1 mg. of each of the hydrolytic enzymes for 30 minutes at 30°, pH 7, and then 
resedimented at 100,000 X g for 20 minutes. The increase over controls in adsorp- 

tion at 260 my» was obtained on each supernatant fluid. Additions, 0.5 umole of 
TPNH. Incubations, pH 7 (Tris 0.02 m), for 30 minutes at 30° in open flasks. 
ucts, assayed in same manner as in Table IV. 

* A‘-Pregnene-17a, 208-diol-3-one. 

t The hydrolytic enzymes were all commercially obtained and were enzymatically 
active. 

t The material released had the typical broad adsorption peak at 260 my of nu- 
cleotides. 

Prod- 

TABLE X 

Substrate for Cleavage Enzyme 

| | 
A‘-Pregnene- 

Substrate | Cleavage* [poeta 17a — 

per cent per cent per cent 

17a-Hydroxyprogesterone, pH 7................. | 66 15 
. GS bi ck Ssk. ; = 1 0 

A‘-Pregnene-17a,208,diol-3-one, pH 7............ | 10 | 11 

9 * 8.5............] 0 | 0 

A‘-Pregnene-17a,20a, diol-3-one, pH 7............ | 0 | 0 0 
l } 

Enzyme, microsomes obtained from one-half of a guinea pig testicle. Incubation, 
in same manner as in Table IV. Addition, TPN 0.2 umole, glucose 6-phosphate 5 

umoles, glucose-6-phosphate dehydrogenase 0.2 unit, NaCN 10° m. Products, as- 

sayed in same manner as in Table IV. All substrates were added in 0.2 umole 
amounts. 

* The cleavage product was testosterone at pH 7, but 90 per cent androstenedione 
at pH 8.5. 
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droxyprogesterone. Also, the fact that the 17-hydroxyl function is @ in 

the substrate and 6 in the product strongly implies that the 17-ketone had 

to be the intermediate. 

The answer to the second question is less clear. In repeated experi- 

ments, with progesterone-21-C™“ and the partially purified enzymes, the 

only radioactive non-steroidal material present at the end of the incubation 
was acetic acid. Many attempts to isolate radioactive acetaldehyde or 

ethanol, by use of trapping agents or carrier acetaldehyde, have failed. 

Also, the stoichiometric measurements, which indicate that the oxidation 

equivalent of 1 mole of H,O: is needed per mole of substrate cleaved, imply 

a peroxidatic type oxidation, thus: 

CH; r ia 

C=O + H:0O: — HOO—C—OH — HO—C=O + HO 

| | + 
—C—OH —C—OH —C=O 

| | | 
If the above mechanism is correct, both fragments, certainly the acetic 

acid and possibly the androstenedione, should contain oxygen derived from 

the atmosphere. O'* measurements to test this hypothesis have been 

made, but, because of the low activity of the enzymes and insufficient 

amounts of the products, the O'* measurements are still equivocal. 

DISCUSSION 

These data indicate that there are at least four enzymes, androstenedione 

reductase, 20-keto reductase, 17a-hydroxy-20-keto cleavage enzyme, and 

17a-hydroxylase, involved in the production of testosterone from proges- 

terone in testes. All these require TPNH (DPNH was inactive) and two 

require molecular oxygen. These two which require oxygen, 17a-hydroxy- 

lase and the 17a-hydroxy-20-keto cleavage enzyme, are found in microsomes 

and were appreciably active only in the presence of particles. However, 

the two reductases, androstenedione reductase and the 17a-hydroxy-20- 
keto reductase, are active in the soluble state, but their activity was im- 

pressively stimulated by the presence of washed inactive particles. It 

has also been demonstrated that these particles are non-specific in that 

they can be generated from the soluble supernatant fluid by such pro- 

cedures as dialysis and salt precipitation. It has been shown previously 

that these particles have a great affinity for water-insoluble substances (12) 

such as steroids and Amphenone B, and can quantitatively remove these 

substances from aqueous solution. Therefore, the ability of these parti- 

cles to stimulate these steroid enzymes could be due to their surface activ- 
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ity; 7.e., their ability to adsorb the steroids as a monomolecular film, thus 

effecting emulsification of the globules of steroids which were added as 

substrate. By using these particles as emulsifying agents, partial puri- 

fication of the four enzymes was accomplished by chromatography on 

columns of hydroxyapatite. Many other procedures for fractionating 

proteins proved to be ineffective. 

Since two of the enzymes involved, the hydroxylase and the cleavage 

enzyme, require molecular oxygen, an understanding of the mechanism of 

this type of oxidation was sought. The TPNH-O, stoichiometry of each 

enzyme indicates that the equivalent oxidative power of hydrogen peroxide 

is necessary. A great number of other similar enzymes have now been 

described and have been shown to add molecular oxygen to various sub- 

strates such as phenol oxidases, steroid oxidases (15), tryptophan oxidase 

(16), and lipoxidase (17), but no clear understanding of the mechanism of 

any of these has evolved. Some are stimulated by catalase; some are 

inhibited. Some can use any source of enzyme-generated peroxide and 

some are quite specific. Copper is involved in the phenol oxidases, iron 

in tryptophan oxidase, but neither metals nor sulfhydryl groups are in- 

volved in the enzymatic action of lipoxidase. The studies reported here 

on two steroid oxidases indicate that two different types of enzymatic 

mechanisms are present, although both require molecular oxygen as well 

as a specific source of reductive power, i... TPNH. Both enzymes, by 

stoichiometric measurements, require either hydroxy] radicals or hydrogen 

peroxide, but they most likely require the free radicals since neither cata- 

lase nor enzymatically generated peroxide has any effect. However, it 

was previously shown that these particulate preparations contain large 

quantities of catalase activity (12), and the addition of more catalase 

would be expected to be without effect (Table IV). Metals do not seem 

to be involved in the action of the 17a-hydroxylase because metal-bind- 

ing agents are without effect, and it is not likely that porphyrins are in- 

volved, for there is no measurable (photometrically) amount of porphyrin 

present (12). These particles do, however, contain sizable quantities of 

uncharacterized flavins (12). Perhaps these flavins are the coenzymes 

involved in the reduction of the oxygen; however, addition of flavin mono- 

nucleotide, flavin adenine dinucleotide, or riboflavin was without effect 

on either enzyme. 

The cleavage enzyme differs from the hydroxylase in that it is inhibited 

by metal-binding agents, 7.e. Versene, diethyl dithiocarbamate, and a,a- 

dipyridyl, but not by cyanide or pyrophosphate. The fact that both en- 

zymes are not inhibited but actually stimulated by cyanide as well as 

pyrophosphate makes it uncertain that metals are involved. All these 

interpretations are, of course, open to question because of the particulate 

nature of these enzyme preparations. 
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Finally, the fact that these steroid as well as other enzymes (previously 

demonstrated) (12) can be activated by surface-active agents such as in- 

tracellular particles, and the fact that agents which are adsorbed by these 
particles, such as Amphenone B, digitonin, and other detergents (3), can 

also affect the rate of enzymatic activity, plus the fact that the ionic 

strength of the medium exerts an appreciable effect on these phenomena, 

make very attractive the idea that these microsomal particles may exert 

considerable control over intracellular phenomena. Similar surface phe- 

nomena at cell membranes must also undoubtedly occur. Such phenomena 

have been hypothesized for the action of the fat-soluble vitamin D on 

the gut and bone (18). Data reported here seem both to indicate that 

the cell membrane is not the only surface of the cell which has regulatory 

functions and to imply that surface phenomena within the cell are equally 

important. Fraser and Kaplan (19) from their studies on the activation 

of catalase in yeast, and Robert and Polonovski (20) from their work on 

the activation of the lipoprotein particles of xanthine oxidase in milk, have 

drawn similar conclusions. 

SUMMARY 

Four enzymes from testes concerned with the oxidation of progesterone 

to testosterone and acetic acid have been partially purified. All of them 

require reduced triphosphopyridine nucleotide and two require oxygen. 

Each is markedly catalyzed by the presence of cytoplasmic particles. 

A‘-pregnene-17a ,208-diol-3-one has been identified as one of the enzymatic 

products. 
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A STUDY OF A MUCOLIPIDE FROM OX BRAIN* 

By ABRAHAM ROSENBERG{ ann ERWIN CHARGAFF 

(From the Cell Chemistry Laboratory, Department of Biochemistry, College of 

Physicians and Surgeons, Columbia University, New York, New York) 

(Received for publication, January 13, 1958) 

We should like to subsume under the group designation ‘“mucolipide” 

the complex lipide polymers that combine constituents commonly con- 

sidered characteristic of the cerebrosides with others usually assigned to 
the mucoids. They are soluble in water, but also in organic solvents, and 

they contain fatty acid, a sphingosine-like base, a hexose, also amino sugar, 

sometimes amino acids, and, most significantly, sialic acid or a related sub- 

stance. This has been pointed out recently in notes dealing briefly with 

the subject of this communication (1, 2).! 

Lipides of the general type under discussion here, 7.e. compounds related 
to the cerebrosides, but soluble in water and yielding a violet color with 
Bial’s reagent or a direct color reaction with p-dimethylaminobenzaldehyde 

without previous treatment with alkali, have been encountered not in- 

frequently in the older literature. Since what appears to be their first 

description, by Landsteiner and Levene (4, 5), similar substances were 

found in spleen (6), normal brain (7), and in the brain of cases of Niemann- 

Pick disease (8) and of Tay-Sachs disease (9). Two representatives of the 

mucolipide group have been investigated in some detail. (1) The “gan- 

gliosides,”” a name first given to mucolipides isolated from brain tissue of 

instances of lipidoses (10) and later extended, perhaps without justifica- 

tion, to material from normal nervous and other tissues; and (2) ‘“‘strandin,”’ 

a high molecular lipide complex from ox brain (11). Folch and his col- 

laborators (11) deserve great credit for pointing out the existence in nerv- 

ous tissue of a lipide derivative of high molecular weight. For the isolation 

of this material, they employed a much milder procedure than is customary 

* This work has been supported by research grants from the National Institutes 

of Health, United States Public Health Service, the Life Insurance Medical Research 
Fund, and the Rockefeller Foundation. 

t Predoctorate and Postdoctorate Research Fellow, United States Public Health 

Service. This report is from a dissertation submitted by A. Rosenberg, in partial 

fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University. 

1 It should be noted that the term ‘‘mucolipide”’ is used here in a much more dis- 

criminative sense than was done in a review (3) in which it served to classify a large 

number of chemically unrelated lipopolysaccharides, mostly of bacterial origin and 
of unknown composition. 
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in lipide chemistry, and it could have been conceivable that the method of 

its isolation had to do with the original claim (11) that strandin was virtu- 

ally devoid of the chromogen reacting in the orcinol and Ehrlich tests and 

apparently characteristic for mucolipides. This claim has, however, been 

shown to be unfounded (1, 2, 12) and was later retracted (13). Other 

substances chemically, and perhaps even physiologically, related to the 

mucolipides are “‘globoside” from the stroma of human red cells, a sub- 

stance which, however, lacks the chromogen (14), and ‘“‘hematoside”’ from 

horse red cell stroma, which contains no amino sugar (15). 

The present investigation was prompted by several observations. It 

was found that a lipide preparation obtained by the extensive purification 

of a crude fraction isolated from the gray matter of brain by the “partition 

dialysis’”’ method (11) contained a considerable proportion of the chromo- 

gen mentioned before (1). This preparation was, moreover, found to differ 

from ganglioside preparations in showing a marked inhibitory action on 

the agglutination of chicken erythrocytes by influenza virus (1). What 

appeared of even more general biological interest was the consideration 

that the high molecular weight and complex composition of the mucolipides 

make it attractive to regard them as potential carriers of species specificity, 

owing to the multiple possibilities of differences in the sequential arrange- 

ment of their constituents similar, in that respect, to the nucleic acids and 

proteins (2). The present study is concerned with the properties of an am- 

pholytic mucolipide isolated in homogeneous form from ox brain. Muco- 

lipides from the brain tissues of other species will, it is hoped, form the 

subject of future reports. 

EXPERIMENTAL 

Preparation of Mucolipide 

Isolation of Crude Material—The crude mucolipide was isolated from ox 

brain by a modification of the partition dialysis procedure (11). Fresh 

“gray matter” was treated for 2 minutes in a Waring blendor with a 10-fold 

amount (v/w) of chloroform-methanol (2:1, v/v) previously cooled to 0°. 

The resulting mixture was immediately filtered by suction and stored in 

the cold. The filtrate was subjected to dialysis through cellophane in the 

cold for 4 days against eight changes of a 30-fold volume of distilled water. 

The clear supernatant aqueous phase of the dialysis residues was collected 

and rapidly concentrated to approximately 1 per cent of its volume in a 

flash evaporator at a bath temperature of 30°. The concentrate was then 

again dialyzed in the cold against a 100-fold volume of distilled water 

under the conditions described above. An insoluble deposit was removed 

by centrifugation at 2100 X g for 30 minutes. In five separate prepara- 

tions, the lyophilized supernatant liquid yielded an average weight of 
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crude mucolipide equal to 0.34 per cent of the wet weight of tissue ex- 

tracted. Preparations at this stage of purity will be designated as “Stage 
_s 

Inhomogeneity of Crude Mucolipide—Strandin has been reported (11) to 

migrate in the Tiselius apparatus as a single negatively charged entity at 

pH values ranging from 8.6 to as low as 1.38; ultracentrifuge and x-ray 

diffraction (16) studies, however, gave evidence of inhomogeneity. We 

have found that the crude mucolipide preparation at the strandin stage can 

be separated at pH 3.7 into a number of negatively charged components 

and a mucolipide fraction acquiring a positive charge. The separation was 

effected by electrophoresis (Reco model E-800-2) on filter paper (Schleicher 

and Schuell No. 589) for 1.5 hours, with the use of a supporting electrolyte 

of 0.05 m formate (pH 3.7) and of a gradient of 13.3 volts percm. The 

results are shown graphically in Fig. 1. 

ORIGIN 

hs Whr PF - + 
Reese 

Fic. 1. Paper electrophoresis of crude mucolipide in 0.05 m formate at pH 3.7. 

The diagram represents four numbered lanes treated as follows after the completion 
of the run: (1) sprayed with AgNO; and NH,OH and then irradiated with ultraviolet 

light (17); (2) viewed under ultraviolet light; (3) developed with ninhydrin; (4) 

developed with an orcinol-trichloroacetic acid reagent (18). The mucolipide is rep- 

resented by band ‘‘a’”’ on each strip. 

Purification—First, the crude mucolipide (Stage I) was again subjected 

to partition dialysis, as the relatively large amounts of various lipides 

present in the original tissue extract could have carried along water-soluble 

contaminants. A 3 per cent solution of crude mucolipide in chloroform- 

methanol (2:1, v/v) was permitted to dialyze for 48 hours in the cold 

against 50 volumes of distilled water and, for 5 hours more, against 200 

volumes. The aqueous phase yielded approximately one-half of the weight 

of the original crude mucolipide. Mucolipide preparations that had been 
repartitioned once or more will be referred to as “Stage II.” Paper elec- 

trophoresis now showed a mucolipide band and one slowly moving nega- 

tively charged band which reacted with ninhydrin. Salt dissociation was 

employed for the removal of this last remaining contaminant. A 5 per 

cent (w/v) solution of repartitioned mucolipide in chloroform-methanol 

(2:1, v/v) containing 10 per cent (w/v) CaCl,-2H:0 was filtered through 

Whatman No. 44 paper and subjected to partition dialysis as before. The 

aqueous phase, when taken to dryness in the frozen state in a vacuum, 
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yielded a glistening, very pale yellow, laminated mass, again accounting 

for approximately one-half of the starting material. It corresponds to 

“Stage III” of purity. This substance, which served in the following phys- 

ical studies, showed a single band upon paper electrophoresis. 

Physical Properties 

Electrophoretic M obility—In the Tiselius apparatus the mucolipide (Stage 

III) migrated with single, sharp ascending and descending boundaries, 

charged positively at pH 5.1 (u = 8.96 K 10-5 cm.? per volt sec.) and 

charged negatively at pH 8.6 (u = 10.6 X 10-5 cm.? per volt sec.). 

Estimation of Molecular Weight—The mucolipide (Stage IIT) sedimented 

in the ultracentrifuge with a single sharp boundary in unbuffered 0.1 n 

CaCl; solution at pH 4.7 (so,. = 12.18), in 0.1 m citrate at pH 6.0 (sx,, 

= 10.2 S) (Fig. 2), in 0.1 m trishydroxymethylaminomethane at pH 8.6 

Fic. 2. Sedimentation pattern of the purified mucolipide (Stage III) in 0.1 m 

citrate buffer at pH 6.0. Pictures were taken at 8 minute intervals and proceed from 
left to right in time. 

(S20 = 15.08). The variation in the sedimentation values with pH is 

attributed to solvent interaction with the various ionic states of the lipide. 

The diffusion constant was estimated with a 1 per cent solution of the 

lipide in water at 4° and corrected to 20° (19). The value Dx», = 6.3 X 

10~7 cm.” per sec. was obtained. The apparent partial specific volume was 

found as 0.74 cc. per gm. for two preparations. The calculated molecular 

weight, therefore, was 180,000. 

Other Physical Properties—The purified mucolipide (Stage III) was a 

friable, glistening, pale yellow solid, crystalline in appearance but showing 

no orientation in polarized light; it had no characteristic absorption in 

ultraviolet light. It was freely soluble in water, giving non-viscous solu- 

tions, and in chloroform-methanol, moist benzene, methanol, and glacial 

acetic acid; it swelled without appreciable solution in pyridine at room 

temperature, was sparingly soluble in acetone, and was insoluble both in 

diethyl] ether and in petroleum ether. The mucolipide, observed on an 

electrically heated stage, began to discolor at 180° and melted with decom- 

position between 245-250°. It was levorotatory: [a] —18° (in water). 
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Composition 

Preliminary Observations—The mucolipide (Stage III) contained 3.8 per 

cent N, perhaps a trace of S, and less than 0.02 per cent P. The iodine 

number was 17. A 1 per cent solution in neutral water gave a pH reading 

of 4.7. The neutralization equivalent of the original preparation was 3810; 

equilibration with an excess of HCl in the cold, followed by exhaustive 
dialysis, lowered it to 1460. An electrometric titration curve showed a 

major region of inflection in the neighborhood of pH 6.5. Positive reac- 

tions were given for sialic acid (20) and hexose (21). The ninhydrin re- 

action (spot test on paper) also was positive. Mild acid hydrolysis (pH 

1, 0.5 hour, steam bath) released sialic acid, small quantities of amino acid, 

and N-acetylhexosamine (22). More strenuous treatment (1 nN HCl, 1 

hour, steam bath) revealed hexose and produced humin. Vigorous hydrol- 

ysis (6 N HCl, 5 hours, steam bath) gave numerous amino acids and free 

hexosamine (22). Methanolysis (sealed tube, 10 per cent, v/v, aqueous 

concentrated HCl in methanol, 5 hours, steam bath) produced, on cooling, 

needles soluble in petroleum ether, sparingly soluble in 95 per cent ethanol, 

and giving a strongly positive hydroxamic acid reaction for esters. Re- 

moval of the esters with petroleum ether, followed by addition of alkali, 

permitted the extraction with diethyl ether of an organic base, hydrophobic, 

but soluble in most organic solvents, taking up bromine in glacial acetic 

acid which contained pyridine sulfate and reacting positively with nin- 

hydrin. Each of the liberated entities was investigated individually. 

Identification of Organic Base—The methanolysate, resulting from the 

treatment of 297 mg. of a relatively crude mucolipide preparation (Stage 

II) with 6 ml. of methanol and 0.5 ml. of aqueous concentrated HCl in a 

sealed tube for 3 hours on the steam bath, was subjected to six extractions, 

each time with 3 ml. of low boiling petroleum ether, in order to remove the 

fatty acid fraction described below. The methanolic layer was evaporated 

nearly to dryness in the flash evaporator, with the repeated addition of 

methanol and with NaOH pellets in the receiving flask. It was then 

brought to pH 8 with saturated Ba(OH). solution and extracted seven 

times with a half volume of diethyl ether. The extract, concentrated to 

approximately 5 ml. in a stream of nitrogen, was washed with an equal 

volume of water and dried overnight with anhydrous sodium sulfate. The 

ether was blown off with nitrogen. The total crude product recovered 

from the ether solution was dissolved in a little 95 per cent ethanol and 

made just acid toward litmus by the addition of dilute alcoholic H.SOx. 

The chilled solution deposited an amorphous white sulfate which was em- 

ployed for chromatographic studies, the procedures of which are described 

below. The sulfate of the base isolated from the mucolipide (Fig. 3) coin- 

cided in its migration with an authentic sample of sphingosine sulfate (23). 
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In four separate chromatographic systems a single component was observed 

in each case. For infrared analysis, a portion of the salt was crystallized 

from ethanol in the form of colorless needles. The infrared spectrum of 

the mucolipide base sulfate, pressed in KBr (Fig. 4), showed the same max- 

ima as those previously published (24) for sphingosine sulfate in alcohol- 

free chloroform. 

Fig. 3. Reversed phase partition chromatography of the base constituent of the 
mucolipide. I, Whatman paper No. 3 impregnated with silicic acid, irrigated with 

isopropanol-ammonia. (1) Mucolipide base; (2) authentic sphingosine. II, What- 

man paper No. 54 impregnated with silicic acid, irrigated with butanol-ammonia. 
(1) Mucolipide base; (2) and (3) authentic sphingosine specimens. 
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Fig. 4. Infrared spectrum of the mucolipide base sulfate, pressed in KBr 

Fatty Acid Fraction—The petroleum ether extract of the methanolysate 

described above yielded the fatty acid methyl ester fraction. The iodine 

number was 21 and the saponification equivalent 350. The material was 

crystallized in approximately 60 per cent yield from anhydrous methanol 

containing 3 per cent low boiling petroleum ether. The first recrystalliza- 

tion gave colorless needles melting sharply at 57—58°; the melting point was 

not changed by subsequent crystallizations. Lignoceric acid methyl ester 

melts at 58.4° (25). 

Identification of Hexose Components—Portions of the mucolipide of Stage 

II (5 mg. per ml.) were dissolved in increasing concentrations of dilute 
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sulfuric acid and heated for 4 hour in a boiling water bath. Humin was 

removed by filtration, the solutions were neutralized with Ba(OH)2, and 

excess barium was removed with Amberlite IRC-50 (H). After centrif- 

ugation, the supernatant fluid was applied to paper chromatograms, each 

spot corresponding to 200 y of mucolipide. A single hexose with the mo- 

bility of galactose was liberated in acid concentrations up to 2 N. Ata 

3 n acid concentration and above, a second hexose with the mobility of 
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Fic. 5. Relative rates of hydrolytic release of glucose and of total hexose (glucose 

plus galactose) from the mucolipide by 3 n H2SO, at 100°. 

glucose was released in smaller quantity. Positive identification of the 

minor hexose component as glucose was made, on the chromatograms, with 

the aid of a glucose oxidase-peroxidase system, a modification of a pub- 

lished procedure being used (26). That galactose is initially liberated at a 

lower acid concentration than is glucose cannot be interpreted as indicative 

ofa relative sequential arrangement of galactose and glucose in the lip- 

ide, since a careful study of hexose liberation in 3 N H,SOQ, from a spe- 

cially purified preparation showed that both hexoses are released at prac- 

tically the same rate until complete hydrolysis of the glucose is effected 

(Fig. 5). For this experiment, a mucolipide preparation of Stage II was 
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subjected to countercurrent distribution, as described under “Amino acids,” 

and then again to partition dialysis after being treated with CaCle. 

Identification of Mucolipide Hexosamine—The hexosamine component of 

the mucolipide (Stage III) was completely liberated in 6 N HCl (sealed 

tube, steam bath) at the end of 4 hours. After removal of humin by 
filtration, the concentrated filtrate was applied to paper chromatograms 

(22) when a compound with the mobility of either glucosamine or galac- 

tosamine was observed. The hexosamine was degraded with ninhydrin to 

the next lower pentose homologue (27). A single pentose was observed 

which occupied the position of lyxose on chromatograms, indicating that 

the hexosamine was in all probability exclusively galactosamine. The deg- 

radation procedure used would, however, not distinguish between this 

amino sugar and talosamine. 

Identification of Mucolipide Chromogen—The undegraded mucolipide 

(Stage III) was subjected to reaction with orcinol, hydrochloric acid, and 

ferric ion, p-dimethylaminobenzaldehyde and hydrochloric acid, and diphen- 

ylamine in acetic acid. The resulting spectra were practically identical 

with those given by ovine sialic acid (20). The chromogen was detached 

by 0.05 n sulfuric acid; paper chromatograms revealed the liberation of a 

component with a mobility corresponding in three separate systems to that 

of authentic ovine sialic acid, kindly donated by Professor G. Blix of Upp- 

sala University. 

For the isolation of the crystalline chromogen, a solution of 525 mg. of 

mucolipide (Stage II) at pH 2 (H.SO,) was heated for 1 hour at 80°. 

A flocculent precipitate, sedimented at 500 X g for 5 minutes, still con- 

tained considerable chromogen and was again heated for an additional 1.5 

hours at pH 1.9. After removal of an insoluble residue, the clear super- 

natant fluids were neutralized with Ba(OH). and Amberlite IRC-50 (H) 

as described above. The clear solution was permitted to dialyze for 48 

hours in the cold, first against 50 and then against 25 ml. of distilled water. 

The dialysate was concentrated to 2 to 3 ml. in a flash evaporator, and 

the chromogen was precipitated as an amorphous gum with excess ace- 

tone. The precipitate contained not only chromogen, but some N-acetyl- 

hexosamine and amino acids. It was applied to a 0.8 & 25 em. column 

of Dowex 1 (formate), 200 mesh, and washed, first with 100 ml. of distilled 

water and then with 40 ml. of 0.01 N formic acid. No chromogen was 

eluted. At 0.05 ~ HCOOH, chromogen began to appear; at 0.07 N 

HCOOH, the eluate gave a strong reaction for sialic acid. The eluates 

so reacting were combined and dried in a vacuum desiccator over NaOH 

and CaCl. The resulting light amber, glassy residue (32 mg.) was freed 

from color by precipitation with acetone from its solution in a little water. 

The chromogen crystallized in clusters of lancet-shaped needles at room 
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temperature from acetone containing 25 per cent (v/v) water and 1 per cent 

(v/v) low boiling petroleum ether. Some decomposition occurred during 

erystallization. The material was twice recrystallized, yielding approxi- 

mately 4 mg. of colorless needles melting with decomposition at 183—185°. 

(Authentic ovine sialic acid melted at 184-186°, and a mixture of the 

two at 183-185°.) An infrared spectrum of our material is shown in Fig. 

5; it corresponds in every detail to that of ovine sialic (N-acetylneura- 

minic) acid (28). 

Amino Acids—The procedures for the hydrolysis of the mucolipide and 

the qualitative analysis of the amino acids by paper chromatography fol- 

lowed those given in a recent monograph (29). The solvent systems em- 

ployed were 80 per cent aqueous phenol, and a mixture of 7.5 volumes sec- 

butyl alcohol, 1.5 volumes of 88 per cent formic acid, and 1 volume of 

water. Two-dimensional chromatography of 6 N HCl hydrolysates of the 
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Fia. 6. Infrared spectrum of the mucolipide chromogen, pressed in KBr 

mucolipide at all stages of purity revealed amino acids. Since this fraction 

comprised a relatively small part of the total weight of the molecule, spe- 

cial care was exercised in order to eliminate possible peptide or protein con- 

taminants: (a) 10 mg. of mucolipide (Stage 1), dissolved in 30 ml. of water, 

were blended for 5 minutes with 30 ml. of chloroform. The mixture was 

centrifuged at 1000 X g for 30 minutes, the clear aqueous supernatant 

layer was aspirated, without disturbing the interface, and lyophilized, 

yielding a residue of 9.2 mg. Hydrolysis in a sealed tube showed many 

amino acids on paper chromatograms. (b) 10 mg. of mucolipide (Stage II) 

were dissolved in 88 per cent (w/v) aqueous phenol, and 95 per cent ethanol 

was added until, at a concentration of 76 per cent ethanol (v/v), a distinct 

turbidity developed. The mucolipide was collected by centrifugation at 

1000 X g for 1.5 hours at 4°, washed with ethanol, and dried under nitro- 

gen. It was redissolved in 88 per cent phenol, and acetone was added un- 

til turbidity developed at 47 per cent acetone (v/v). The mucolipide was 

collected, washed, dried, and hydrolyzed as before. Paper chromatograms 

still showed numerous amino acids. (c) A solution of 100 mg. of mucolipide 
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(Stage I) in chloroform-methanol (1:1, v/v) was refluxed for 1 hour, cooled 

to —10° overnight, freed from a precipitate by filtration, and evaporated 

to dryness. A 10 mg. portion of the residue was dissolved in 300 ml. of 

glacial acetic acid at 60°; the solution was kept overnight at room temper- 

ature, filtered, and evaporated. The mucolipide residue still revealed 

numerous amino acids. (d) 10 mg. of the mucolipide (Stage II) were per- 

mitted to react with dinitrofluorobenzene in a modification (30) of Levy’s 

arrangement (31). The reaction mixture was dialyzed exhaustively and 
lyophilized, and the residue extracted in turn with diethyl ether, ethyl 
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Fic. 7. Countercurrent distribution of the mucolipide (Stage II) between the 

phases formed on mixing carbon tetrachloride, methanol, and water. The plotted 
points are based on analyses of the upper phase for sialic acid by the direct Ehrlich 
reaction. 

acetate, isoamyl alcohol, and acetone. The yellow mucolipide residue was 

hydrolyzed and found still to yield a number of free amino acids. 

The combined evidence points to the occurrence of a peptide component 

as part of the mucolipide rather than asa contaminant. As a final measure 

of purification, the lipide was subjected to countercurrent distribution be- 

tween the two phases formed on mixing carbon tetrachloride, methanol, 

and water (1.5:1.5:0.5, v/v/v). Countercurrent distribution of a rela- 

tively crude mucolipide preparation (Stage II) showed (Fig. 7) that the 

mucolipide moved rapidly in this system and that the procedure could be 

used to separate more slowly moving impurities. A purified lipide prepa- 

ration (Stage III) wassubjected to a 15 tube distribution. The tubes con- 

taining the mucolipide “‘peak” were combined, concentrated in the flash 

evaporator, and dried under nitrogen. This preparation is designated as 

“Stage IV.” A 6N HCl hydrolysate still revealed numerous amino acids. 
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The dinitrophenyl derivatives were formed, identified by two-dimensional 

paper chromatography, and the relative molar quantitites were estimated 

(30). The results are shown in Table I. It should be emphasized that 

these findings refer to a specific ox brain preparation; it remains to be seen 

whether the amino acid pattern is unchanged in different preparations. 

The value listed as “‘proline” requires comment. The spot identified as 

dinitrophenylproline exhibited the two-dimensional mobility of the authen- 

tic proline derivative. Both derivatives exhibited absorption maxima at 

385 my and had similar spectra, whereas the dinitrophenyl derivatives of 

other amino acids absorb maximally at 360 mu. When, however, two- 

TaBLe [ 

Amino Acid Components of Mucolipide 

Compound Relative molar quantity 
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* Compare the text for a discussion of this component. 

dimensional chromatograms of the free amino acids were developed with 

ninhydrin, a spot appeared at the position of proline that gave a blue- 

violet rather than the typical bright yellow color of the reaction product 

of proline with ninhydrin. Since sialic acid is known to be degraded even- 

tually to a-carboxypyrrole (32), it is not impossible that the substance sim- 

ulating the presence of proline actually represents an intermediate in the 

breakdown of sialic acid. 

Hydrolysis Residue—After hydrolysis of the mucolipide (Stage II) at 

90° (pH 1) for 3 hours, a residue amounting to 60 per cent of the starting 

material was obtained that had the solubility characteristics of a cerebro- 

side and showed, after precipitation from anhydrous methanol, a sharp 

melting point at 180°. The hexose content (28 per cent) and the presence 

of galactosamine (3.9 per cent) and of amino acids indicated, however, that 
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the residue was not a cerebroside, but rather a cerebroside-like degradation 
product of the lipide. 

Quantitative Estimation of Components and Balance 

Table II presents a compilation of the various quantitative determina- 

tions carried out with the mucolipide. It will be seen that well over 90 

per cent has been accounted for. The various techniques used will be de- 
tailed below. 

TaB.eE II 

Composition of Mucolipide; Balance* 

No. of component 

Component | ware Sao Molar distribution | oe 

molecule 
— |__| 

per cent mucolipide geet Fi 
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Sphingosine........................4.! 16.5 0.55 99 
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N-Acetylgalactosamine........... aa 4.5 0.20 36 
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* The molecular weight of the mucolipide is taken as 180,000. For fatty acid the 

molecular weight of lignoceric acid, 368.6, was used. The average molecular weight 

of amino acid was computed from distribution studies similar to those summarized 
in Table I. 

+ The ratio of galactose to glucose is approximately 8:1 (compare Fig. 5). 
t This correction allows for water eliminated by bonding. 

One additional point deserves mention. The value of 0.32 umole of 

amino acid per mg. of mucolipide was obtained by means of gasometric 

analysis. When the amino acid content was estimated in a hydrolysate 

(6 N HCl) by means of ninhydrin (33), the value, after correction for galac- 

tosamine and sphingosine, was considerably higher; namely, 1.5 umoles per 

mg. of mucolipide. The hydrolysate yielded a steam-volatile base reacting 

with ninhydrin which was obtained as the hydrochloride in the form of 

yellowish hygroscopic needles. The compound, which has not yet been 

identified, migrated in the sec-butanol-formic acid-water system more slowly 

than ammonium ion or ethanolamine. Its solution in alkali gave the typ- 

ical odor of lower amines. It cannot yet be decided whether this substance 
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represents an additional constituent of the mucolipide or a product of the 
decomposition of the previously identified constituents. 

A mucolipide preparation of a purity corresponding to Stage IV was 

also analyzed for total acetyl content (Schwarzkopf Microanalytical Lab- 

oratories, Woodside, New York). The value found was 0.96 umole of 

acetyl per mg. of mucolipide. This figure is in good agreement with the 

sum of the molar quantities of sialic acid, 0.84, and of N-acetylchondros- 

amine, 0.20 (Table Il). The crystalline monoacetyl derivative obtained 

from the mucolipide, namely ovine sialic or N-acetylneuraminic acid, 

would, therefore, seem to represent the form in which this component actu- 

ally occurs in the polymer. If the bovine form of sialic acid (diacetyl- 

neuraminic acid) (34) does occur in the mucolipide, the loss of a very labile 

Q-acetyl group during the isolation of the polymer would have to be as- 

sumed. 

Methodical Details 

Iodine Number—This value was estimated by the procedure of Yasuda 

(35). When many analyses were required, it was found convenient to di- 

lute the reaction mixture to a volume of 3 ml. with glacial acetic acid and 

to read the absorption of both the reaction mixtures and the standard bro- 

mine solution at 440 my in the spectrophotometer. The molar decrease in 

bromine concentration and, hence, the iodine number, could be readily cal- 

culated. The system obeys Beer’s law within the range of the method and 

is quite reproducible. 

Amino Acids—The total content of a-amino acids was estimated gaso- 

metrically (36). 

Sphingosine—In each determination, 4 mg. of mucolipide were cleaved in 

a sealed tube with acidic methanol, and the liberated sphingosine was ex- 

tracted quantitatively, as described above. Sphingosine, in the carefully 

washed extract, was estimated either by titration (Gilmont ultramicro- 

burette) with bromophenol blue as indicator, or by estimation of the ni- 

trogen content (Kjeldahl). 

Phosphorus—The method of King (37) was employed. 

Chromatographic Procedures—Free amino acids were made visible on the 

chromatogram (29) with the aid of a spray reagent consisting of a 0.2 per 

cent (w/v) solution of ninhydrin in n-butanol containing 5 per cent pyri- 

dine. The spots develop on standing 3 hour at room temperature. 

The dinitropheny] derivatives of the amino acids were prepared, chroma- 

tographed, and estimated quantitatively by the method mentioned before 

(30). 

Sialic acid on Whatman No. 1 paper was irrigated (descending) with 

sec-butyl alcohol, acetone, acetic acid, water, 3:3:1.5:2.5 (38), Rr = 0.50; 
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sec-butyl alcohol, HCOOH, water, 75:15:10, Rr = 0.12; isobutyric acid, 

water, 5:3, adjusted to pH 3.5 to 3.9 with ammonia (39), Rr = 0.29. The 

spots were sprayed with orcinol, 0.5 per cent (w/v), and trichloroacetic 

acid, 15 per cent (w/v), in water-saturated n-butanol (18), followed by 

heating to approximately 120° for 5 to 10 minutes. 

A clear separation of glucose and galactose was obtained on Whatman 

No. 2 paper of 56 cm. length, first washed with water and 95 per cent 

ethanol, by descending irrigation for approximately 20 hours with ethyl 

acetate, pyridine, water, 10:7:3, with the solvent being permitted to run 

off the paper. Under these conditions, galactose migrated about 25 cm. 

from the starting line; the ratio of the position of glucose to that of galac- 
tose was 1.1. 

The glucose spots were identified by means of the following spray rea- 

gent: A solution of 5 mg. of peroxidase (Worthington Biochemical Cor- 

poration, Freehold, New Jersey) and 5 mg. of glucose oxidase (C. F. Boeh- 

ringer and Sons, Mannheim, Germany) in 6 ml. of 0.1 m formate buffer, 

pH 3.9, was mixed with a solution of 10 mg. of o-tolidine in 4 ml. of acetone. 

The paper, after being dried in a stream of warm air, was sprayed lightly 

with the freshly prepared reagent. Glucose is demonstrated by the ap- 

pearance within a few minutes at room temperature of bright blue spots 

stable for several hours. The buffer promotes stability of the blue color. 

This modification of a published procedure (26) has the advantage of being 

simpler and of preventing the diffusion and obliteration of small glucose 

spots during the spraying. The reagent is specific for glucose, with a 

sensitivity less than 1 y of glucose per sq. cm. of chromatogram. 

Lyxose and arabinose, as the ninhydrin degradation products of galac- 

tosamine and glucosamine, respectively, were separated on Whatman No. 

1 paper either with the solvent used for the separation of glucose and galac- 

tose or with n-butanol, ethanol, water, 4:1:1, solvent front beyond the 

paper. Both hexose and pentose were sprayed with 0.5 per cent (w/v) 

3,5-diiodosalicylic acid and 0.3 per cent (v/v) aniline in water-saturated 

n-butanol, followed by heating for approximately 5 minutes at 120—140°. 

The spots are stable indefinitely. Hexoses (tan to brown spots, yellow 

fluorescence under ultraviolet light) can be distinguished from pentoses 

(brick-red spots, brick-red fluorescence) and pentose 2-, 3-, or 5-phosphates 

(purple spots, pink fluorescence). The reagent was especially useful in 

detecting the pentoses in the presence of yellowish reaction products pro- 

duced during the ninhydrin degradation of the hexosamines. 

For free and N-acetylhexosamines, the previously mentioned conditions 

were used (22). 

For the chromatography of sphingosine (2), the following systems were 

employed: (a) glass paper (Reeve Angel 934-AH), descending irrigation 
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with isopropanol, concentrated ammonia, water, 15:1:5 (v/v/v), Rr = 

0.82; (b) Whatman paper No. 3 impregnated with silicic acid (40), same 

solvent, Ry = 0.91; (c) Whatman paper No. 54 impregnated with silicic 

acid, descending irrigation with n-butanol saturated with 2 N ammonia, 

Ry = 0.71; (d) Whatman paper No. 54 impregnated with an organosilicon 

compound (General Electric Dri-Film 9987), with the solvent as in (c) 

running beyond the edge of the paper. In all cases, the ninhydrin spray 

reagent described above was used. 

Colorimetric Analyses—Sialic acid was estimated by the procedure of 

Werner and Odin (20), with suitable reduction in reagent volumes and 

quantities analyzed. 

Fatty acids were estimated as the methyl esters which were quantita- 

tively extracted after methanolysis in sealed tubes. Quantities ranging 

from 0.5 to 5 umoles of methyl ester in petroleum ether were transferred 

to 15 ml. centrifuge tubes, and the solvent was evaporated under nitrogen. 
After the addition of 0.30 ml. of 2.5 per cent (w/v) hydroxylamine hydro- 

chloride and of 0.40 ml. of 2.5 per cent (w/v) NaOH, both in 95 per cent 

ethanol, the mixture was heated for exactly 15 seconds by immersion in 

boiling water. It then was cooled for 5 minutes and mixed with 0.20 ml. 

of 2 N aqueous HCl and 4.00 ml. of 95 per cent ethanol. The addition of 

0.50 ml. of 0.1 m FeCl; in 0.01 n HCl was followed by mixing, and the solu- 

tion was kept at room temperature for 10 minutes. The resulting purple 

color was read at 535 my in the spectrophotometer against a reagent blank; 

solutions of methyl lignocerate, treated in the same manner, were used as 

the reference standard. 

Total hexose was estimated by means of anthrone (21); free hexosamine 

by a modification of the Elson-Morgan procedure (41). 

The problem of the reliable estimation of glucose in the presence of rela- 

tively large amounts of other hexoses is frequently encountered in the in- 

vestigation of polysaccharides and related substances. For the present 

study, a specific system directly applicable to hydrolysates was developed; 

it was patterned after the procedure employed here for the demonstration 

of glucose on chromatograms. Directly before being used, 0.5 ml. of ace- 

tone containing 3 mg. of o-tolidine was mixed with 1.0 ml. of 0.05 m formate 

buffer (pH 3.9) containing 2 mg. of glucose oxidase and 1 mg. of peroxidase.” 

For the quantitative determination, 0.20 ml. of hydrolysate or of a stand- 

? The glucose oxidase specimens used were obtained either from C. F. Boehringer 

and Sons, Mannheim, Germany, or by partial purification of the enzyme preparation 

marketed as ‘‘DeeO”’ (Takamine Laboratory, Clifton, New Jersey) through the re- 
moval of impurities that were insoluble in water or dialyzable. Horse-radish peroxi- 

dase was a preparation of the Worthington Biochemical Corporation, Freehold, New 

Jersey. The buffer strength was occasionally increased up to a 0.2 molarity if the 
solutions to be analyzed so required. 
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ard solution containing from 10 to 100 y of glucose was mixed with 3.00 

ml. of the formate buffer and with 0.20 ml. of the enzyme-tolidine reagent. 

After 20 minutes at room temperature, the blue color was evaluated at 

630 my in the spectrophotometer against a reagent blank, with known 

amounts of aqueous glucose as standards for calculation. The molar ex- 

tinction is approximately 6300; the color is stable for 10 minutes at room 

temperature and for several hours in an ice bath. After approximately 2 

hours at room temperature, a complete transition occurs to a yellow color 

form (Amax = 418 my) with approximately the same extinction and a 

stability of several hours. The addition of 0.1 ml. of 1:1 (v/v) isoamyl 

alcohol-concentrated hydrochloric acid gives an indefinitely stable purple 

color form (Amax = 535 my) with approximately one-third the extinction 

of the blue or yellow forms. All three forms are reproducible and follow 

Beer’s law in the range specified. 

DISCUSSION 

The mucolipide under discussion can be described as a highly polymerized 

ampholytic compound consisting of different quantities (in descending or- 

der) of galactose, sialic acid, fatty acid and sphingosine (these two in equal 

proportions), amino acid, N-acetylgalactosamine, and glucose. The molar 

proportions of the constituents listed in Table II make it obvious that we 

are dealing with an extremely complex substance for which no simple re- 

peating unit should, for the time being, be put forward. Before the prob- 

lem of bonding is discussed, a few other points should, however, be men- 

tioned. The molecular weight is around 180,000, with no evidence of 

heterogeneity being observed. Of the constituents of the mucolipide, the 

two hexoses, the amino sugar and sialic acid, appear well characterized; the 

use of a specific enzyme provides unequivocal proof of the occurrence of 

small amounts of glucose. The presence of sphingosine has been demon- 

strated with reasonable certainty, though the occurrence of smaller amounts 

of dihydrosphingosine cannot yet be excluded. Owing to the lack of 

methods applicable to the small quantities available, the nature of the 

fatty acids has been ascertained less completely; a considerable proportion 

appears, however, to be represented by n-tetracosanoic (lignoceric) acid. 

In regard to the amino acid component, it would seem to occur as one 

polypeptide or as a series of several smaller ones. Despite multiple at- 

tempts to separate it from the lipide without hydrolysis, it persisted, and, 

although such statements cannot be made without reservation in the field 

of the lipides, we are inclined to consider the amino acids as an integral 

part of the mucolipide molecule. The distribution of the amino acids 

reveals an interesting pattern (Table I), but it has been pointed out that 

heretofore only one specimen has been fully analyzed in respect to the 

composition of its peptide constituent. 
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A detailed discussion of the arrangement of constituents is not yet ad- 

visable. The most obvious feature emerging from the inspection of the 

molecular proportions listed in Table II is the equimolarity of fatty acid 

and sphingosine. There is far from enough glucose (42) but more than 

enough galactose present to complete the 100 molecules of cerebroside per 

molecule of mucolipide that are indicated by the analytical results. This 

leaves 134 hexose molecules and all of the sialic acid, amino sugar, and 

peptide to be apportioned in such a way as to link 100 cerebroside mole- 

cules into a mixed polymer. Two properties of the mucolipide must be 

taken into account in this connection; namely, the low viscosity of its aque- 

ous solution, which indicates a highly ramified structure, and its solubility 

in both water and organic solvents, which points to the existence of tracts 

with many hydroxyls separating the non-polar aliphatic chains. The 

simplest, but not necessarily correct, manner of viewing the structure would 

be as that of an assembly of units of different length and different degrees 

of branching, all terminating in cerebrosides, these units being held together 

through bifunctional cross-linking agents such as sialic or glutamic acid. 

It is significant that the mucolipide gives a positive hydroxamic acid test 

and that, whereas colorimetric analysis shows the presence of 0.84 umole 

of sialic acid per mg., only 0.69 y.eq. of acid per mg. can be demonstrated 

by titration. One may assume the functioning of cross-linking substances 

capable of forming both glycosidic and ester bonds. It will be remembered 

that the hydrolysis residue, which was free from sialic acid, still contained 

cerebroside, hexose, hexosamine, and amino acid. 

It is, unfortunately, not yet possible to discuss the relationship, generic 

or specific, functional or metabolic, of the various forms in which cere- 

brosides occur in nervous tissue. Though the available figures (43) are not 

easily comparable, it would seem that the bulk of the cerebrosides occurs 

as monomers. But there is extant considerable evidence, mentioned in 

part above, of the occurrence of polymers comprising cerebrosides among 

their constituents. The mucolipide discussed here is, perhaps, the most 

complex representative of this class. Once the arrangement of its constitu- 

ents is better understood, the multiple forms of sequential isomers in which 

such a polymer can exist will become obvious, as will also the interest at- 

taching to the existence in brain of a macromolecular species having alter- 

nating regions of polarity and non-polarity as well as of ionizable group- 

ings. 

SUMMARY 

The water-soluble lipide polymers of high molecular weight containing 

fatty acid, a sphingosine-like base, hexose, amino sugar, sialic acid or a 

related substance, and sometimes additional components such as peptides, 

are considered under the group designation of ‘“‘mucolipide.”” The present 
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report outlines in detail the isolation of a complex ampholytic member of 

this group from ox brain by partition dialysis and its purification by re- 

partition, salt dissociation, and countercurrent distribution, and describes 
its properties. 

The purified ox brain mucolipide is homogeneous electrophoretically and 

ultracentrifugally, with a calculated molecular weight of 180,000. The 

constituents are apportioned as follows (number of component molecules 

per mucolipide molecule): fatty acid (mainly lignoceric), 101; sphingosine, 

99; hexose (galactose and glucose in the ratio of 8:1), 234; ovine sialic 

(N-acetylneuraminic) acid, 151; N-acetylgalactosamine, 36; and amino 
acid, 58. 

The structure, physical and chemical properties, and certain aspects of 

the biochemical significance of such an ampholytic lipide polymer are dis- 

cussed. 
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A “HEAT-ACTIVATED” DIPHOSPHOPYRIDINE NUCLEOTIDE 

PYROPHOSPHATASE FROM PROTEUS VULGARIS* 

By MORTON N. SWARTZ,t NATHAN O. KAPLAN,t 
anp MARY F. LAMBORGt 

(From the McCollum-Praitt Institute, The Johns Hopkins 

University, Baltimore, Maryland) 

(Received for publication, January 22, 1958) 

Bodine et al. have described, in grasshopper eggs, a naturally occurring 

protyrosinase which is activated by many chemical agents and also by 

heating to 80° (1-4). Several “heat-activated” enzyme systems in bac- 

teria have recently been described by Swartz et al. and by Kern and Natale 

(5-7). These enzymes have been found in Proteus vulgaris and Myco- 

bacterium butyricum. In the former the enzymes were a DPN! pyrophos- 

phatase and a 5’-nucleotidase, whereas in the latter the enzyme was a 

DPNase, hydrolytically cleaving DPN at the nicotinamide-ribose linkage 

(6). Both the Proteus enzymes and the Mycobacterium enzyme appeared 

to be in a completely inhibited form as isolated from extracts. Activation 

produced by boiling of extracts of these organisms was found to be related 

to destruction of a heat-labile protein inhibitor bound to a heat-stable 

enzyme. A dialyzable factor in extracts of Proteus or a factor in rabbit 

serum was found to be essential to protect the Proteus enzyme against 

denaturation by boiling. Inorganic pyrophosphate could also provide 

this protection. The Mycobacterium extracts differed from the Proteus 

extracts in having a much greater (12-fold) excess of free inhibitor. 

The purpose of this paper is to describe the nature of the partially 

purified “heat-activated” DPN pyrophosphatase from P. vulgaris and 

also to define the products of the reaction. 

* Contribution No. 225 of the McCollum-Pratt Institute, The Johns Hopkins 
University. Aided by grants from the National Science Foundation (NSF-G-2187) 

and the National Cancer Institute, National Institutes of Health (NIH-C-2374C). 

Tt Postdoctoral Fellow, United States Public Health Service, National Cancer 

Institute; present address, Massachusetts General Hospital, Boston, Massachusetts. 

t Present address, Graduate Department of Biochemistry, Brandeis University, 
Waltham 54, Massachusetts. 

1 The following abbreviations will be used: DPN, diphosphopyridine nucleotide; 

TPN, triphosphopyridine nucleotide; ATP, adenosine triphosphate; NMN, nico- 
tinamide mononucleotide; 5’-AMP, 5’-adenylic acid; ADP, adenosine diphosphate; 

Versene, ethylenediaminetetraacetic acid; POP, inorganic pyrophosphate; Tris, 

tris(hydroxymethy]l)aminomethane. 

1051 



1052 HEAT-ACTIVATED PYROPHOSPHATASE 

Materials 

DPN of 90 per cent purity was obtained from the Pabst Brewing Com- 

pany. Reduced DPN was prepared by enzymatic reduction (8) and TPN 

by enzymatic phosphorylation of DPN (9). ADP and ATP were obtained 

from the Sigma Chemical Company. Deamino-DPN was prepared chemi- 

cally by deamination with nitrous acid and was isolated as the barium 

salt. Adenosine diphosphate ribose was prepared from DPN (10). The 

3-acetylpyridine analogue of DPN was prepared by using the exchange 

reaction of the pig brain DPNase (11). 2’,5’-Diphosphoadenosine was 

prepared from the splitting of TPN by snake venom extract (12). Ade- 

nylic acid deaminase was prepared from rabbit muscle (13). 

Methods 

P. vulgaris X19 (ATCC 6380) cells were grown in large carboys in a 

minimal medium described by Lwoff and Querido (14). Vigorous aera- 

tion was carried out by using compressed air, with the air inflow being 

broken up by passage through a Dupont synthetic sponge. After incu- 

bation at 30° for 24 hours, the cells were harvested in a Sharples centrifuge 
and washed twice with 0.9 per cent KCl solution. The preparation of 

extracts and purification of the enzyme are described in a subsequent sec- 

tion. 

A unit of enzyme activity is defined as that amount of enzyme which 

will cleave 1 wmole of DPN in 10 minutes at pH 7.5 at 37°. Protein 

determinations were performed by the method of Folin as modified by 

Lowry et al. (15). 

DPN was determined by reduction with alcohol dehydrogenase of 

yeast. TPN was assayed by the use of isocitric dehydrogenase of pig 

heart (16). 

Inorganic phosphate was measured by a modification of the procedure 

of Fiske and Subbarow (17). Chromatographic identification of 2’ ,5’- 

diphosphoadenosine was by the method of Wang et al. (18). Monoester 

phosphate was determined by using prostatic monoesterase prepared by 

the procedure of Markham and Smith (19). 

Results 

Effect of Heat—Crude extracts of this organism, prepared by sonic 

oscillation, do not hydrolyze DPN at any appreciable rate. Fig. 1 shows 

that this extract could be rendered active by exposure to a boiling water 

bath for 2 minutes. Although the enzyme is remarkably heat-stable, this 

stability is not absolute; 7.e. after 15 minutes of boiling, the activity is 

reduced by 75 per cent (Table I). Maximal activation is achieved by 
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boiling for 2 minutes. Long exposure of enzyme to temperatures below 
m- 100° will produce only partial activation. 

PN Although crude enzyme preparations can withstand extremely high 

ned temperatures, the optimal temperature of incubation for this reaction is 

mi- 

a z : BOILED EXTRACT 
"he 24 
ge - 

vas $77 
de- < 2h 

3 
z | 
a P UNBOILED EXTRACT 

0 15 30 45 60 
Be TIME IN MINUTES 
“7 Fig. 1. Effect of heat. A 2 ml. aliquot of the crude sonic extract was kept in a 

ng boiling water bath for 2 minutes and then immediately cooled in an ice bath and 

‘u- tested for activity as follows: The reaction mixture at 37° contained 0.5 ml. of en- 

ge zyme, 1.3 ml. of 0.2 m Tris buffer (pH 7.5), and 4.5 ymoles of DPN in a final volume 

of of 3.0 ml. Aliquots (0.3 ml.) of the reaction mixture were removed at the times 

0 indicated, and the DPN present was assayed in a Beckman spectrophotometer by 

the alcohol dehydrogenase method. 

th TaBLeE I 

in Heat Resistance of Pyrophosphatase 

"Y The crude enzyme preparation was heated at 100° for the times noted. Then 0.5 
ml. of the enzyme was incubated with 5 umoles of DPN in 0.1 m Tris buffer at pH 7.5. 

of The final volume was 3.0 ml. DPN remaining after 25 minutes was assayed by the 
ig alcohol dehydrogenase method after removal of appropriate aliquots. 

Time | Per cent maximal activity 

: min. 

‘ 1 88 
2 100 

y | 7 65 
10 48 

15 25 

( only 50°. The Qio for the range 30-40° is 1.75. Preparations that have 

S been boiled and then assayed at 70° show no activity. However, it can be 

J shown that this lack of activity is related to a reversible heat denaturation 

5 of the enzyme (Table II). Boiled preparations that are inactive on assay 

3 at 70° can be restored to full activity by chilling and then allowing the 

; reaction to proceed at a lower temperature (37°). 

XUM 
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Heat Stability Factors for Enzyme—Crude enzyme preparations are stable 

to boiling in aqueous solution. Dialysis of crude Proteus extracts for 18 

hours against distilled water produces an enzyme that is totally inactive 

both before and after heating to 100°. Dialysis of similar extracts subse- 

quent to boiling yields a preparation with 75 per cent of full activity. At 

least 70 per cent of full activity can be attained by adding a 1.0 m HCl 

filtrate of a Proteus extract to the dialyzed enzyme before boiling. A simi- 

lar addition after the enzyme has been boiled is not effective in reactivating 
the enzyme. In Fig. 2 it can be seen that two factors are needed for full 

activation of the crude dialyzed preparations. Inorganic pyrophosphate 

(6 wmoles per ml.) will replace the naturally occurring factor which stabi- 

lizes the enzyme to heat. Pyrophosphate addition to the dialyzed extract 

TaBLeE II 

Reversible Heat Denaturation 

The enzyme used was a crude sonic extract of P. vulgaris that had been boiled for 

2 minutes. The incubation mixture consisted of 0.2 ml. of enzyme, 3 yumoles of 

DPN, and 0.1 ml. of 0.1 M phosphate buffer (pH 7.5). The final volume was 1.5 ml. 
Aliquots taken at 10 minutes and 20 minutes. Mixture I incubated at 37° for the 

entire 20 minutes. Mixture II incubated at 70° for the first 10 minutes, then rapidly 
chilled and incubated at 37° for the next 10 minutes. 

umole DPN cleaved 

Time —_——- 

Mixture I (37°) | Mixture II (70°, then 37°) 

min. | 

0-10 0.98 0 

10-20 0.84 | 0.98 

after boiling will not yield any enzymatic activity. A large number of 

organic phosphates or pyrophosphates (possible substrates or products of 

this enzyme’s activity such as DPN, TPN, ATP, NMN, 5’-AMP, etc.) will 

not replace inorganic pyrophosphate in its “stabilizing” role. There is, 

however, a factor, inactivated by trypsin and by dialysis, from rabbit 

plasma which will replace pyrophosphate. The second factor required for 

full activity of the dialyzed preparation is Cot+. This is needed only for 

the enzymatic reaction and is added to the incubation mixture containing 

previously boiled enzyme. 

Purified enzyme preparations (free of bound inhibitor) are also protected 

against high temperatures by sodium pyrophosphate (Table III). It can 

be seen that the concentration of pyrophosphate (0.00026 m) needed for 

maximal protection of the purified enzyme is only about one-thirtieth the con- 

centration required for protection of the crude dialyzed enzyme (0.006 m). 

There is actually a diphasic effect with pyrophosphate. With concentra- 
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3.0 

2.0F 

DPN CLEAVED (moles) 

) | 
10 20 30 

TIME IN MINUTES 

Fig. 2. Factors required by dialyzed extracts. Crude sonic extract was dialyzed 

for 18 hours against distilled water and then boiled. When sodium pyrophosphate 

was used, it was added to the extract prior to boiling (6 umoles of POP per ml. of 

extract). When CoCl. was added, the final concentration was 0.0013 m. The reac- 

tion mixture at 37° consisted of 0.5 ml. of crude enzyme preparation, 0.65 ml. of 0.2 
m Tris buffer (pH 7.5), and 2.7 umoles of DPN in a final volume of 1.5 ml. Aliquots 
(0.3 ml.) of the reaction mixture were removed at the times indicated, and the DPN 

present was assayed in a Beckman spectrophotometer by the alcohol dehydrogenase 
method. A = boiled, undialyzed extract; @ = boiled, dialyzed extract plus POP 

plus Co**+; O = boiled, dialyzed extract plus POP; A = boiled, dialyzed extract 

plus Cott. 

Taste III 

Protective Effect of Sodium Pyrophosphate for Purified Enzyme 

The enzyme preparation was purified 40-fold and was completely free of inhibitor. 

The enzyme was boiled for 2 minutes in the presence of varying concentrations of 

inorganic pyrophosphate, then it was rapidly cooled. The ability of these boiled 

preparations to cleave DPN was compared to that of unboiled purified enzyme with- 

out added pyrophosphate. The incubation mixture contained 3 ymoles of DPN, 

0.02 ml. of boiled enzyme, 0.07 m Tris buffer (pH 7.5), and 0.0007 mM CoCl:. The final 

volume was 1.5 ml. DPN was measured by the alcohol dehydrogenase method. 

POP concentration of boiled enzyme | Per cent of activity of unboiled active enzyme 

M 

1X 10° 0 

1 X 10° 25 

7X 10-3 34 

5 X 10% 45 

3.3 X 10-3 73 

6.6 X 10-4 85 

3.3 X 10-4 92 
2.6 X 10-4 105 

1.3 X 10-4 93 

6.6 X 10-5 23 

0 0 
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tions above 0.00026 there is a reduction in demonstrable enzymatic activ- 

ity. At these concentrations the amount of pyrophosphate carried over to 

the assay system with the enzyme preparation may be sufficient to exert a 

chelating effect on the cobalt. Thus, when the 40-fold purified enzyme 

preparation, free of inhibitor (Table III), has been boiled in 0.1 m sodium 

pyrophosphate for 2 minutes, it is completely inactive on subsequent assay, 

However, in the assay system the final concentration of pyrophosphate 

carried over with enzyme is as high as 0.0013 m. It should be pointed out, 

90 

75 Q he 
2 

Zz 60+ & 4 
= > @ 46+ 2° z y 
= 30h wy 2r 3 — 

i 15) - | 
[= 0 a — 

1 —_ ' 1 
— = 0 Ol 02 03 0.4 5 O. 4 ml INHIBITOR TIME IN MINUTES 

Fic. 3 Fig. 4 

Fig. 3. Effect of varying inhibitor concentration. The reaction mixture con- 
tained 0.3 ml. of an 18-fold purified enzyme preparation (enzyme-inhibitor complex), 

2 umoles of DPN, 0.65 ml. of 0.2 m Tris buffer at pH 7.5, and 1.0 umole of CoCl, in 

a final volume of 1.6 ml. Prior to incubation the enzyme had been boiled with so- 
dium pyrophosphate (0.006 m) for 2 minutes. The inhibitor fraction consisted of 

crude P. vulgaris sonic extract that had been dialyzed for 18 hours against distilled 
H,.0. DPN was assayed by the alcohol dehydrogenase method. 

Fia. 4. Effect of chelating agents. The incubation mixtures consisted of 0.5 ml. 

of crude enzyme preparation, 1.3 ml. of 0.2 m Tris buffer (pH 7.5), and 5 umoles of 

DPN in final volume of 3.0 ml. DPN was measured by the alcohol dehydrogenase 

method. A = Tris buffer used; O = sodium pyrophosphate buffer (0.09 m final 

concentration); @ = 0.2 m Tris buffer plus Versene (0.0013 m final concentration). 

nevertheless, that the range of pyrophosphate concentration which in- 

hibits the enzyme in the presence of a fixed Co** concentration varies con- 

siderably according to the degree and method of purification of the enzyme. 

Inhibitor—The presence of an inhibitor can be shown conveniently in 
crude extracts by mixing boiled purified enzyme with unboiled extract, 

used as a source of inhibitor. Fig. 3 shows a linear relationship between 

amount of inhibitor and per cent inhibition. In crude Proteus extracts 

there is only a small amount of free, 7.e. unbound, inhibitor. Thus, 0.3 

ml. of the dialyzed extract will produce about 60 per cent inhibition of 0.3 

ml. of boiled enzyme preparation. The inhibitor has been purified thus 

far only several fold by alkaline ammonium sulfate (50 to 80 per cent) 
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fractionation and subsequent ethanol precipitation (40 to 55 per cent). 

It is resistant to ribonuclease action and to the action of crude pancreatic 

protease preparations. It can be irreversibly inactivated on acidification 

to pH 2.0 at room temperature for 10 minutes. This same acidification 

procedure will not inactivate the enzyme. Thus, this procedure may be 

used in place of heating in order to “activate” the enzyme fully. On 

neutralization the inhibitor remains inactive. Attempts to dissociate 

the inhibitor from the enzyme by using NaCl of various ionic strengths 

have been unsuccessful. Dialysis of extracts of Proteus against chelating 

agents such as cyanide, Versene, and pyrophosphate has not removed the 

inhibitor. 

Metal Requirement—Chelating agents such as Versene or inorganic 

pyrophosphate in high concentrations (0.09 m) in the reaction mixture can 

produce almost complete inhibition of the active boiled enzyme (Fig. 4). 

A much lower pyrophosphate concentration (0.005 to 0.006 m) is needed 

to protect the enzyme against denaturation on boiling. A metal ion, 

Cot+, is needed for the enzymatic reaction itself and need not be added to 

the enzyme before it is boiled (Fig. 2). A large number of cations, in- 

cluding Mg**, Ca**, Zn*+*, Fet*, Nat, K+, etc., were tested, and of these 

only Mn** could partially replace Cot*+. The latter is optimally effective 

at 10-* m concentration, but a significant effect can be seen at a concentra- 

tion of 6 X 10-§ m. Certain cations such as Cat+*, Zn*++, and Cut in- 

hibit the Cot effect. 

Purification Procedure for Enzyme-Inhibitor Complex 

Step 1. Preparation of Crude Extract—To each 3 gm. (wet weight) of 

cells were added 18 ml. of distilled water, and the suspension was placed 

ina Raytheon sonic disintegrator at approximately 9000 ke. for 30 minutes. 

The resulting slightly turbid solution served as the crude extract. Only 

after prolonged centrifugation at high speeds was any sedimentable cell 

debris obtained. Repeated freezing and thawing led to moderate loss of 

activity. However, the enzyme could be kept in the cold room for several 

weeks without loss of activity. 

Step 2. Treatment with Protamine Sulfate—To each 210 ml. of crude 

extract were added 420 ml. of 0.04 m Tris (pH 7.5) containing 0.2 per cent 

protamine sulfate. After standing in the cold for 1 hour, the precipitate 

was removed by centrifugation. Approximately 560 ml. of clear super- 

natant fluid were obtained. 
Step 3. Acetone Fractionation—65 ml. of cold acetone were slowly added 

to each 100 ml. of supernatant fluid obtained from Step 2. The enzyme 

preparation was kept at —5° to —10° in a dry ice-acetone bath. The 

precipitate was removed by centrifugation at 20,000 X g for 10 minutes 
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and discarded. To the supernatant fluid another 55 ml. of cold acetone 

were slowly added with stirring. The supernatant fluid was discarded 

after centrifugation at 20,000 X g for 10 minutes. The precipitate was 

dissolved in 100 ml. of demineralized H,O. The solution was somewhat 

turbid, and the undissolved material was removed by centrifugation. 

Step 4. Treatment with Calcium Phosphate Gel—To each 85 ml. (pH = 

approximately 6.0) from Step 3 were added 10 ml. of aged calcium phos- 

phate gel (20.8 mg. per ml.). The mixture was gently stirred for 30 min- 

utes. After centrifugation, the gel was saved for Step 5. 

Step 5. Elution of Enzyme from Calcium Phosphate Gel—To the gel 

from Step 4 46 ml. of 0.01 m potassium phosphate buffer (pH 6.5) were 

TaBLe IV 

Purification Procedure; Enzyme-Inhibitor Complex 

See the text for a description of the procedure. 

Step No. | a a Total units war? > eee 

Step 1 (orude extract)..................... | 13.00 2730 0.97 
PF PSAs le Set OES SS vcked Sig eivk brsin acd 5.83 3265* 1.98 
RM td fetes Re Ra tS Ol oe da ce vie | 4.50 2520 4.05 
I SEO Be ee ad eh ik i NE at | 

2 Ee ee ee er meee 3.10 1729 9.40 
Fel asc Ath ia ik Sat gk snk ds Soin Sew te poe 2.30 1169 15.5 

a SEE See ee eye ee re 2.30 1030 19.1 

* The increase in total units after Step 2 of purification may have been related to 

incomplete destruction of inhibitor by boiling of the crude extracts of Step 1 (dur- 

ing the assay) or related to removal of another inhibitory factor by the protamine 
step. 

slowly added with trituration. The mixture was thoroughly stirred and 

centrifuged, and the supernatant fluid was saved. The gel was then 

rewashed with 37 ml. of phosphate buffer, and the mixture was centrifuged. 

The two supernatant fluids were pooled (volume of 83 ml.). 

Step 6. Treatment with Alumina Cy—To each 67 ml. of eluate from 

Step 5 was added 1.0 ml. of aged alumina Cy gel (15 to 20 mg. per ml.). 

The mixture was stirred for 30 minutes. The gel was then centrifuged, and 

the clear supernatant fluid was saved. 

Step 7. Passage through Column of Whatman No. 5 Paper—0.5 gm. of 

Whatman No. 5 filter paper was macerated in distilled water in a Waring 

blendor and then placed in a small column approximately 1.5 cm. in diame- 

ter. The filter paper was packed tightly. 25 ml. of enzyme solution were 

passed through the column, and the eluate was collected. Table IV 

summarizes the purification of enzyme-inhibitor complex. 
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Purification Procedure for Free Enzyme 

Step 1. Preparation of Crude Extract—This method was the same as 

Step 1 above. 

Step 2. Treatment with Protamine Sulfate—This procedure was the same 

as Step 2 above. 

Step 3. Boiling Procedure—To 132 ml. of protamine supernatant fluid 

were added 4.0 ml. of 0.2 m sodium pyrophosphate (pH 7.5). The solution 

was poured into a wide bottomed Erlenmeyer flask and placed in a boiling 

water bath for 3 minutes. The solution was then rapidly cooled by placing 

the flask in ice. The precipitate was not removed. 

Step 4. Acetone Fractionation—90 ml. of chilled acetone were slowly 

added with stirring to the boiled enzyme of Step 3. The precipitate was 

removed by centrifugation at 20,000 X g for 15 minutes. To the super- 

TABLE V 

Purification Procedure of Active Enzyme 

See the text for a description of the procedure. 

Step No. “_ = Total units a 

Bion 1 (erude extract)... .. .<.5..scncs.cwcen 13.00 2730 0.97 
See Lak seinrs anak liye 5 bie lb arcane 478 se ore aingehe ota 5.83 3265* 1.98 
le SPE ee RGM ere Poteet tok} 

aah ES PPE E Ee re ats eel ny 2.80 1615 

PMR eee hide aie saw eatbaloky Sa hanes 1.27 710 37.4 

* See the same footnote in Table IV. 

natant fluid were added another 74 ml. of acetone. The resulting pre- 

cipitate was removed by centrifugation after the solution had stood in 

the cold for 30 minutes. The precipitate was then dissolved in 136 ml. of 

distilled water. Insoluble material was removed by centrifugation. 

Step 5. Treatment with Calcium Phosphate Gel—To 135 ml. of the en- 

zyme preparation from Step 4 were added 18.2 ml. of aged calcium phos- 

phate gel (20.8 mg. per ml.). The mixture was stirred slowly for 1 hour. 

The gel was removed by centrifugation, and the supernatant fluid was 

discarded. The enzyme was eluted from the gel by addition with stirring 

of 132 ml. of 0.01 m potassium phosphate solution (pH 6.5) and subse- 

quent removal of gel by centrifugation. Table V summarizes the purifica- 

tion of the free enzyme. 

Specificity of Enzyme—DPN and DPNH were both cleaved quite rapidly 

by the enzyme. TPN, however, was destroyed at only 8 per cent the rate 

of DPN splitting. Analogues of DPN such as the 3-acetylpyridine ana- 

logue and deamino-DPN were split at rates comparable to the splitting 
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of DPN itself. Adenosine diphosphate ribose, ADP, and ATP were also 

cleaved as was inorganic pyrophosphate. Thiamine pyrophosphate and 
trimetaphosphate were not split by the enzyme. 

Products of Reaction—The pyrophosphatase could not be completely 

freed from a contaminating 5’-nucleotidase in any of these preparations. 

The latter enzyme was also heat-activated, requiring inorganic pyrophos- 

phate or the plasma factor for stability during boiling, but did not require 

Co** for activity. Because of the presence of this 5’-nucleotidase, the 

stoichiometry of the reaction was such that for every micromole of DPN 

cleaved 1 umole of adenosine, 1 umole of nicotinamide riboside, and 2 

umoles of inorganic phosphate appeared. The reaction went to comple- 

tion. There was no evidence that this enzyme would synthesize DPN by 
using ATP and NMN. Attempts to demonstrate the presence of free 

adenylic acid as an intermediate, by utilizing the adenylic acid deaminase 

of muscle, were unsuccessful. 

In order to demonstrate that the point of cleavage by the enzyme was 

at the pyrophosphate linkage, the products of the cleavage of TPN were 

investigated, since it was found that the 5’-nucleotidase of the Proteus 

did not attack the 5’-phosphate grouping of 2’ ,5’-diphosphoadenosine. 

47.9 umoles of TPN were incubated for 22 hours with large amounts of 

purified active enzyme. At the end of this time 46 umoles had been 
cleaved, as measured by TPN-specific isocitric dehydrogenase. The 

products of the reaction were separated on a Dowex 1 formate form column. 

35 wmoles of nicotinamide riboside could be found in the water eluate as 

measured by the absorption at 325 my on the addition of molar KCN. 

A total of 45 umoles of adenine (or adenine derivatives) was present in 

the water eluates and in the washings with 0.1 m formic acid-formate and 

0.02 to 0.05 m sodium nitrate-nitric acid. The bulk of the adenine-con- 

taining material (30.4 uwmoles) had extremely acid properties and could 

only be eluted by prolonged washing with 0.05 m sodium nitrate-nitric 

acid. This compound was shown to contain two phosphate groups per 

adenine moiety. By utilizing prostatic monoesterase, it was shown that 

both phosphates were of the monoester type. 

The acid compound, containing one adenine and two monoester phos- 

phate groups, which had been eluted from Dowex 1 by 0.05 n sodium ni- 

trate-nitric acid, was chromatographed on Whatman No. 3 paper in 

Carter’s Solvent System (20) of 5 per cent NagHPO, and isoamy] alcohol. 

This compound was identified by its ultraviolet light quench with an Ry of 

0.89. Authentic 2’,5’-diphosphoadenosine isolated after snake venom 
pyrophosphatase action on TPN had an R;, of 0.88; this therefore can be 

taken as conclusive evidence that the Proteus enzyme is a pyrophosphatase. 

Effect of pH on Activity—The pH optimum for the enzyme is 7.5. The 
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activity rapidly decreases on the acid side of this point, being only 30 

per cent at pH 6.5 and 5 per cent at pH 5.5. There is only a gradual 

drop in activity when the pH is shifted to the alkaline side of pH 7.5. Over 

65 per cent of the maximal activity is present at pH 10.5. 

Absence of Other ‘“Heat-Activated” Enzymes—The “heat-activated”’ 

pyrophosphatase and 5’-nucleotidase were the only “heat-activated”’ 

enzymes found in crude extracts of P. vulgaris. Non-specific phosphatase, 

alcohol dehydrogenase, and nucleoside phosphorylase are present in un- 

heated extracts and absent or greatly diminished after 2 minutes of boiling. 

Aryl sulfatase activity is absent in the unheated as well as in the boiled 

extracts. 

DISCUSSION 

The pyrophosphatase of P. vulgaris can be demonstrated in extracts of 

this organism only after inactivation, by boiling or acid treatment, of a 

bound inhibitor. The inhibitor is probably a protein and is quite tightly 

bound to the enzyme. The pyrophosphatase is quite heat-stable and is 

similar in this regard to trypsin, myokinase, and ribonuclease (21-23). 

Like trypsin it can be shown to undergo reversible heat denaturation (21). 

The evidence that this heat-stable pyrophosphatase is a protein stems 

from the following observations: It is non-dialyzable, it has a tempera- 

ture optimum for activity, it is precipitable by acetone and can be adsorbed 

on calcium phosphate and alumina gels, and it is inactivated on exposure to 

pepsin at pH 2.0. 

Similar inhibitor-enzyme relationships have been found in other micro- 

organisms (5-7). This points up the fact that an enzyme may appear to 

be absent in a given tissue, solely due to being bound to an inhibitor de- 

rived from that same tissue. Thus, some “manipulation” (boiling, acid 

treatment, etc.) may be required to demonstrate the presence of this 

enzyme. 

The stability of this enzyme protein to heat denaturation is dependent 

on inorganic pyrophosphate or on certain, as yet poorly defined, factors in 

serum or extracts of P. vulgaris. Inorganic pyrophosphate is one of the 

substrates of this enzyme and might protect the active site of the enzyme 

against denaturation much as glucose protects hexokinase against inacti- 

vation by trypsin (24). However, none of the other substrates for this 

enzyme affords any protection. The similar protection by pyrophosphate 

of the heat-activated 5’-nucleotidase of Proteus suggests that the above 

postulate is incorrect. 

Because of the presence of a contaminating non-specific 5’-nucleotidase, 

it has not been possible to show directly the primary products of the split- 

ting of DPN. By utilizing the information that the 5’-nucleotidases from 
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snake venom and bovine seminal fluid do not liberate the 5’ grouping from 

the diphosphoadenosine fragment of TPN (25), and that TPN was split 

only slowly by this Proteus pyrophosphatase, an attempt was made to 

demonstrate the primary products of enzymatic action. 2’ ,5’-Diphos- 

phoadenosine and nicotinamide riboside were the main products isolated, 

strongly supporting the postulated pyrophosphatase nature of the enzyme. 

The reaction between the DPN pyrophosphatase and its inhibitor is 

unlike that of trypsin and its pancreatic inhibitor in that, although both 

complexes are essentially undissociable at neutral pH, only the trypsin- 

pancreatic inhibitor compound is reversibly dissociable at pH 1.0 to 2.0 

(26). Incubation of the P. vulgaris crude extract at pH 2.0 for 10 minutes 

at 25° yields active enzyme. If, at the end of this time, the extract is 

neutralized, the preparation remains active without boiling. 

Whether the DPN pyrophosphatase is present in the “inhibited form” 

in the bacterial cell cannot be definitely determined. However, the fact 

that whole cells can cleave DPN at the pyrophosphate bond suggests that 

inhibitor and enzyme are brought together by cell disruption. This is in 

contrast to the ‘“‘heat-activated’’ DPNase in M. butyricum. In that or- 

ganism, whole cells do not cleave DPN (6). 

The inhibitor protein in Proteus appears to be under some form of 

nutritional control. When this organism is grown on a medium containing 

yeast extract and tryptone, essentially no inhibitor can be found (5). 

SUMMARY 

1. A heat-activated enzyme from Proteus vulgaris has been described. 

This enzyme is a pyrophosphatase splitting diphosphopyridine nucleo- 

tide, triphosphopyridine nucleotide, and several other organic pyrophos- 

phate compounds. The enzyme has been purified approximately 40-fold. 

Cobalt is needed for activity of the purified enzyme. 

2. This enzyme cannot be demonstrated in crude extracts of the organ- 

ism because of the presence of a heat-labile protein inhibitor which is bound 

to the enzyme. There is an approximately 60 per cent excess of free 

inhibitor in crude extracts. 

3. The enzyme has a temperature optimum at 50° and undergoes re- 

versible heat denaturation at higher temperatures. 

4. The heat stability of the enzyme is dependent on certain cofactors in 

serum, in extracts of P. vulgaris, or on inorganic pyrophosphate. 
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FORMATION OF A CYCLIC ADENINE RIBONUCLEOTIDE 
BY TISSUE PARTICLES* 

By T. W. RALL anp EARL W. SUTHERLAND 

(From the Department of Pharmacology, School of Medicine, 
Western Reserve University, Cleveland, Ohio) 

(Received for publication, October 23, 1957) 

Studies in this laboratory have shown that the increased formation of 

phosphorylase in liver homogenates observed in the presence of epinephrine 

and glucagon was mediated by a heat-stable factor (1). This factor 

accumulated when the hormones were incubated with adenosine triphos- 

phate and particulate fractions of liver homogenates and stimulated 
phosphorylase formation in supernatant fractions in which the hormones 

had no effect (1). 

The factor has been isolated and characterized, as detailed in Sutherland 

and Rall (2), and proved to be a cyclic adenine ribonucleotide (2, 3), 

identical to a compound originally designated cyclic dianhydrodiadenylic 

acid by Cook, Lipkin, and Markham (4), and recently shown to be the 

mononucleotide adenosine-3’ ,5’-phosphoric acid.!_ This report is concerned 

with the conditions for the formation of cyclic 3,5-AMP.2 It was found 

that particulate preparations not only from liver, but also from heart, 

skeletal muscle, and brain, produced this compound. In a C* tracer ex- 

periment it was determined that ATP-8-C™ added to the incubation mix- 

tures gave rise to cyclic 3,5-AMP with no apparent dilution of the radio- 

activity. 

Methods 

Preparation of Particulate Fractions and Homogenates—Washed particles 

from preincubated liver slices were prepared as described previously (1), 

* This investigation was supported in part by a research grant (No. H-2745) from 
the National Heart Institute of the United States Public Health Service. 

1In a personal communication, Professor David Lipkin has informed us that a 

molecular weight determination and other data prove that the compound is aden- 
osine-3’ ,5’-phosphoric acid. The complete proof of structure of the nucleotide will 

be presented in a forthcoming publication by D. Lipkin, R. Markham, and W. H. 

Cook. 

2 The following abbreviations are used: cyclic 3,5-AMP, adenosine-3’, 5’-phos- 

phoric acid; 5’-AMP, adenosine 5’-phosphate; 2’-AMP, adenosine 2’-phosphate; 

3’-AMP, adenosine 3’-phosphate; ATP, adenosine triphosphate; ADP, adenosine 

diphosphate; Tris, tris(hydroxymethyl)aminomethane; TCA, trichloroacetic acid; 

LP, liver phosphorylase; dephospho-LP, liver dephosphophosphorylase; LP phos- 
phatase, liver phosphorylase phosphatase; pApA, 5’-phosphoadenosine-3’-adenosine 

5’-phosphate; pApApA, 5’-phosphoadenosine-3’-adenosine-5’-phosphoadenosine-3’- 

adenosine 5’-phosphate. 
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1066 FORMATION OF CYCLIC ADENINE NUCLEOTIDE 

by incubation of dog liver slices at 37° for 15 minutes, homogenization in 

an all-glass homogenizer, and collection and washing of the particles by 

centrifugation at 1200 X g. For the bulk of the experiments reported 

here, including large scale preparation of cyclic 3,5-AMP, particles were 

prepared from liver slices not previously incubated. Perfused and chilled 

dog liver (300 to 400 gm.) was rapidly sliced into pieces approximately 

5 X 25 X 50 mm., rinsed in 3 volumes of cold 0.33 m sucrose, and homog- 
enized for 15 to 20 seconds in 2 volumes of 0.33 m sucrose in a Waring 

blendor. The homogenates were strained through a single layer of gauze 

and centrifuged for 17 minutes at 2000 X g on the International centri- 

fuge (No. 3) at 5°. The supernatant fluid was removed by aspiration, and 

the precipitate was resuspended to the original volume of the homog- 

enate with 0.25 m sucrose. The washed particles were collected by 
centrifugation as before and were suspended in an equal volume of 0.25 u 

sucrose. The yield of washed particles averaged about 140 ml. of sus- 

pension (about 70 ml. of packed volume) per 100 gm. of liver. 

For some experiments, the precipitate collected at 2000 X g was washed 

with distilled water instead of 0.25 m sucrose. The particles were sus- 

pended in 3 volumes of cold glass-distilled water, and the suspension was 

allowed to stand at 2° for 20 minutes before being centrifuged 15 minutes 

at 5000 X g on the Servall SS-1 centrifuge. The resulting loosely packed 

precipitate was suspended in one-third its volume of 0.5 m sucrose. 

The preparation of washed particles from heart, skeletal muscle, and 

brain was similar to that from liver. The tissues were removed as rapidly 

as possible from a mature dog, chilled in 0.33 m sucrose, sliced, and homog- 

enized in 4 volumes of 0.33 M sucrose in a Waring blendor. The homog- 

enates were centrifuged 15 minutes at 2000 X g in the Lourdes SL centri- 

fuge. The precipitate was washed four times by suspension in 0.25 m 

sucrose and centrifuged for 15 minutes at 4000 X g. The final precipitate 

was suspended in an equal volume of 0.25 m sucrose. 

Preparation of Heated Extracts Containing Cyclic 3 ,5-AMP—The com- 

plete system finally adopted for the production of cyclic 3 ,5-AMP contained 

0.04 m Tris (pH 7.5),? 2.5 X 10-? m MgSO,, 2 X 10-* m ATP, 6.67 x 
10-* m caffeine, 0.01 m NaF, 5.5 y per ml. of epinephrine, 1 y per ml. of 

crystalline glucagon, 1.0 ml. of 0.25 m sucrose, and 1.0 ml. of washed 

particle suspension per 2.4 ml. of incubation mixture. The final concen- 

tration of sucrose was approximately 0.2 mM. For small scale experiments, 

the incubation mixtures at a final volume of 2.4 to 3.6 ml. were shaken in 

air in a Dubnoff metabolic incubator at 30°. At various time intervals, 

* Concentrations stated here and in Tables I to IV and Figs. 1 and 2 represent 
final concentrations in the incubation mixtures. 
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1 ml. samples were transferred to culture tubes and heated in boiling water 

for, 3 minutes and chilled. For the large scale preparation of cyclic 3,5- 

AMP, the incubation mixtures were stirred at 30° in an atmosphere of 

100 per cent oxygen and then heated in boiling water for 5 to 7 minutes. 

After removal of insoluble material by centrifugation, the heated extracts 

were stored at —20° if not used immediately. 

Assay of Cyclic 3,5-AMP—A mixture containing 10.9 ymoles of Tris 

buffer (pH 7.5), 0.68 umole of MgSOx,, 0.54 umole of ATP, and 0.25 umole 

of caffeine was pipetted into a 15 X 125 mm. culture tube, and either 

unknown, standard, or suitable blank solution was added to obtain a final 

volume of 0.1 ml. Then, 0.2 ml. of an 11,000 X g supernatant fraction of 

a liver homogenate, diluted 10- to 20-fold in 0.25 m sucrose and fortified 

with 1.2 to 1.8 units of dephospho-LP, was added; this mixture was incu- 

bated at 30° to allow the formation of LP to occur. After 10 minutes, 

2.8 ml. of the phosphorylase assay reagent mixture, containing glucose 

1-phosphate, glycogen, and 5’-AMP (5), were added. The contents of 

the tube were mixed well and incubated at 37° for 10 minutes, at which time 

the phosphorylase assay was terminated by the addition of TCA. Suitable 

aliquots were analyzed for inorganic phosphate, and the units of LP 

formed could be calculated as described previously (6). A more con- 

venient method was to terminate the phosphorylase assay by transferring 

0.2 ml. of the mixture to 1.0 ml. of a solution containing 1 mg. of In, 2 mg. 

of KI, and 0.01 m.eq. of HCl. After dilution to 10 ml., the iodine color 

was read against a water blank in a Klett-Summerson photometer, the 

No. 54 filter being used. 

Materials—The 11,000 X g supernatant fraction used in the assay of 

cyclic 3,5-AMP was prepared either from homogenates of preincubated dog 

liver slices, as described previously (1), or from Waring blendor homog- 

enates of fresh dog liver by centrifugation of the 2000 X g supernatant 

fluid at 11,000 X g for 15 minutes in the Spinco preparative ultracentrifuge. 

Small aliquots of the 11,000 X g supernatant fraction were frozen in liquid 

N. and could be stored either at —20° or —70° for several weeks without 

obvious deleterious effects. 

Dephospho-LP was prepared from dog liver, as described previously 

(7). Samples of crystalline glucagon, both solid and 0.1 per cent clinical 

solution, were donated by Eli Lilly and Company. Epinephrine was 

obtained commercially as a 1 per cent solution. Crystalline disodium ATP 

was purchased from the Pabst Laboratories. Disodium ATP-8-C™“ 

(1 we. per mg.) was obtained from the Schwarz Laboratories, Inc., and 

was diluted with an equal weight of Pabst ATP before use. Tris was 

recrystallized before use (5). 



FORMATION OF CYCLIC ADENINE NUCLEOTIDE 

EXPERIMENTAL 

Assay of Cyclic 3 ,5-AM P—The estimation of cyclic 3 ,5-AMP was based 

on its ability to stimulate the formation of LP by fractions of liver homog- 
enates. A number of preparations, from the whole homogenate to the 
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Fig. 1. Standard curves for the assay of cyclic 3,5-AMP. Mixtures containing 
3.63 X 10°? m Tris (pH 7.5), 2.26 X 10-?>m MgSO,, 1.8 X 10-?m ATP,9 X 10-4 eaf- 

feine, 4 to 6 units per ml. of dephospho-LP, 0.20 ml. of an 11,000 X g supernatant frac- 
tion of a liver homogenate (diluted 20-fold in 0.25 m sucrose), and from 0.0 to 0.6 X 

10~* umole of pure cyclic 3,5-AMP in a final volume of 0.30 ml. were incubated for 10 

minutes at 30°. The LP formed was estimated as described in the text by the addi- 
tion of a phosphorylase assay reagent, incubation for 10 minutes at 37°, and removal 

of an aliquot for the determination of inorganic phosphate released from glucose 

1-phosphate (upper curve). Another aliquot was placed in a mixture of I, and KI, 

diluted to 10 ml., and the resulting polysaccharide iodine color was read against a 

water blank in al Klett-Summerson photometer by using the No. 54 filter (lower 
curve). 

dialyzed 100,000 X g supernatant fraction, exhibited graded responses to 

very low concentrations of the compound. The 11,000 X_g supernatant 

fraction was selected for its ease of storage and relatively low blank rate 

of LP formation. Fig. 1 shows typical standard curves, in which LP 

formation is expressed not only in terms of units of phosphorylase activity 

(5) derived from the measurement of inorganic phosphate released from 

glucose 1-phosphate, but also in terms of the optical density of the iodine 

color 
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color of the glycogen formed. The useful titration range was approxi- 

mately from 0.8 X 10-7 m to2.0 X 10-7 m cyclic 3,5-AMP. _The standard 

solutions employed were samples purified_and characterized as described 
in Sutherland and Rall (2), and whose concentration was calculated from 

their ultraviolet absorption by using a millimolar extinction coefficient of 

14.2 at 260 mu. 

This assay system proved satisfactory for the estimation of cyclic 3 ,5- 

AMP in crude heated extracts from various tissues and in fractions ob- 

tained during ion exchange chromatography of heated extracts. Occa- 

sionally, heated extracts and chromatographic fractions were encountered 

which appeared to inhibit the formation of LP in the assay system, giving 

rise to falsely low values for their cyclic 3,5-AMP content. At present, 

the substances responsible for this inhibition remain unknown. 

The effects on the assay system of some of the known major components 

of crude heated extracts were evaluated. Since caffeine was included in 

the assay system in amount sufficient to inhibit maximally enzymatic de- 

struction of cyclic 3,5-AMP (2), there was no effect of adding caffeine in 

amounts equivalent to that contained in the heated extracts. NaF, at 

concentrations of 1 X 10-* m to 1 X 10-? mM, would increase LP formation 

in the assay system, probably due to its inhibitory action on LP phos- 

phatase (8). However, at 1.7 X 10-* m, the maximal concentration 

achieved in the assay of undiluted heated extracts, the effect of NaF was 

relatively small and could be estimated by suitable controls and subtracted. 

Additional ATP and MgSQ,, in equimolar amounts, increased the forma- 

tion of LP in the assay system. The addition of ATP alone to a concentra- 

tion exceeding that of Mg*t* strongly inhibited LP formation, as noted 

earlier in the homogenate system used for the assay of glucagon and 

epinephrine (6). Increasing the ATP and MgSO, concentrations nearly 

5-fold, corresponding to the addition of 2 umoles of ATP in a final volume 

of 0.3 ml., increased LP formation about as much as did the addition of 

3.0 X 10-5 umole of cyclic 3,5-AMP. However, the addition of 0.1 umole 

of ATP, the most that could be contained in the aliquots of undiluted 

heated extracts assayed, was without visible effect. Neither 5’-AMP 

nor a mixture of 2’- and 3’-AMP, tested at final concentrations of 3 X 10-4 

to 3 X 10-* M, had any effect on the assay system either in the presence or 

the absence of cyclic 3,5-AMP. 

The specificity of the assay system has not been extensively surveyed. 

A number of adenine mononucleotides, including muscle and yeast AMP, 

adenosine-2’ ,3’-phosphoric acid, ADP, and moderate amounts of ATP, were 

inactive. In addition, the di- and trinucleotides, pApA and pApApA,! 

4 We thank Dr. Leon Heppel of the National Institutes of Health, Bethesda, Mary- 

land, for kindly supplying samples of these nucleotides. 
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were inactive when tested at 2.0 X 10-7 m and 1.0 X 107 , respectively, 

The only substance encountered which mimicked cyclic 3,5-AMP was 

trypsin. In concentrations of 0.1 to 1.0 y per ml., the addition of trypsin 

to the assay system would result in a graded increase in LP formation, 

while above 1 y of trypsin per ml., there was strong inhibition of LP accu- 

mulation. Both the stimulatory and inhibitory effects on LP formation 
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Fig. 2. Effect of epinephrine and glucagon on the formation of cyclic 3,5-AMP. 

1.25 ml. aliquots of washed liver particles were incubated for 7 minutes at 30° with 
0.04 m Tris (pH 7.5), 2 X 10-?m ATP, 2.5 X 10°? Mm MgSO,, and 1.25 ml. of 0.25 m su- 

crose in a final volume of 3.0 ml. One-half of the vessels contained 5.5 y per ml. of 

epinephrine and 1 y per ml. of glucagon; in addition, one-half of the vessels contained 

0.01 m NaF and 6.67 X 10-* M caffeine. After incubation, 1 ml. aliquots were heated 

for 3 minutes in boiling water. The soluble portion of the heated extracts was 

assayed as described in the text. The total height of the bars represents the cyclic 
3,5-AMP formed in the presence of the hormones, and the open portion of the bars 

represents that formed in their absence. The left-hand pair of bars refers to a par- 

ticulate preparation derived from preincubated liver slices homogenized in an all- 
glass homogenizer, and the right-hand bars refer to a particulate preparation derived 

from a portion of the same liver homogenized in a Waring blendor without previous 
incubation. 

were blocked by crystalline soy bean trypsin inhibitor. This action of 

trypsin and its relationship to the action of cyclic 3,5-AMP have not been 
explored further. 

Conditions for Formation of Cyclic 3 ,5-AMP—FKarlier experiments had 

been designed to demonstrate large effects of added epinephrine and gluca- 

gon on the formation of cyclic 3,5-AMP (factor) (1). The conditions em- 

ployed correspond to those in the experiment depicted in the control bar 

at the left in Fig. 2; 7.e., short incubation periods with particles derived from 
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preincubated liver slices. It became desirable to increase the yield per gm. 

of liver, as well as the amount of liver processed, in order to accumulate 

enough material for purification and identification. Particulate prepara- 

tions obtained from Waring blendor homogenates of fresh tissue were 

found to be equally active and even exhibited some hormone response 

TABLE I 

Effect of Various Conditions on Production of Cyclic 3,6-AMP 

Heated extracts were prepared by incubating washed particles derived from a 
Waring blendor homogenate of fresh liver for 30 minutes at 30°. The complete sys- 

tem contained 0.04 m Tris buffer (pH 7.5), 2.5 X 107? Mm MgSO,, 2 X 10-3 m ATP, 
6.67 X 10-* M caffeine, 0.01 m NaF, 5.5 y per ml. of epinephrine, 1 y per ml. of crys- 

talline glucagon, 1.5 ml. of 0.25 M sucrose, and 1.5 ml. of washed particle suspension 
in a final volume of 3.6 ml. An aliquot of the initial 2000 X g precipitate fraction 
was washed with water instead of 0.25 mM sucrose, as described in the text. Also, an 

aliquot of the particle suspension was frozen in liquid Ne, allowed to warm to —65°, 
and thawed immediately before use. The soluble portion of the heated extracts was 
assayed for cyclic 3, 5-AMP, as described i in the text. 

in Cyclic 3,5-AMP formed per 
Conditions ml. heated extract 

pmoles X 10° 

Complete system. SLR ER SRD REL: all 20.6* 

No epinephrine or glucagon............... baht F | 18.6* 

* caffeine. . 12.0 
Pee EN sox S00 «:16.0 | 1.0 

AM E804 (6.25 X 10-+w) spake am aerate ed eee 6.0 

No NaF. ip Risseatialne tole Sit ipa wotienk eee 6.0 
~ ar. paige 0.4 

LATP (5 X 10-* M)... Reh ai ee | 10.0 

No ATP + 2 X 10°? m ADP....... ee cueive cl hpaee 16.0 

Complete + 2 X 107? m glutamate.......................| 28.0 
Particles diluted 1:3. sre Neher | 10.0 

Water-washed p: articles, ‘complete : sy yetem. teeeeeeel 20.0 
Frozen and thawed particles, complete sy stem eee sadene of 18.0 

* Average assay of four heated extracts; the remaining values are the average 
assay of two heated extracts. 

(Fig. 2). The addition of NaF and caffeine increased the formation of 

eyclic 3,5-AMP (Fig. 2; Table I). Caffeine has been found to inhibit 

enzymes from various tissues which hydrolyze cyclic 3,5-AMP (2). As 

would be expected, at 0.01 m, NaF was found to inhibit the release of in- 

organic phosphate from ATP in such particle preparations. 

Table I contains the results of an experiment which summarizes the 

properties of the liver particle system which forms cyclic 3,5-AMP. The 

effect of caffeine has already been discussed; Mg++ ions are required in 
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amounts at least in excess of the ATP concentration. NaF could act 

solely by tending to preserve ATP, considering the rate of ATP hydrolysis 

observed in its absence and the requirement for high levels of ATP. The 

concentration of ATP required for the formation of cyclic 3 ,5-AMP seemed 

especially high in view of the 1 per cent yield observed; i.e., approximately 

0.2 umole per ml. of cyclic 3,5-AMP was formed from 2 umoles per ml. of 

ATP. The stimulatory effect of glutamate probably can be explained on 

the same basis; 7.e., it would tend to maintain the ATP concentration. 

In other experiments pyruvate and fumarate were about as effective as 

glutamate. In this connection it was observed that anaerobiosis decreased 

the formation of cyclic 3,5-AMP, and for this reason the large scale experi- 

TaBLeE II 

Effect of Substitution of ADP for ATP in Formation of Cyclic 3,6-AMP 

The heated extracts were prepared by incubating 1.5 ml. of a frozen and thawed 
washed liver particle suspension with 0.04 m Tris (pH 7.5), 2.5 X 10-? M MgSO,, 

6.67 X 10-3 M caffeine, 0.01 m NaF, 5.5 y per ml. of epinephrine, 1 y per ml. of gluca- 
gon, and 1.5 ml. of 0.25 m sucrose in a final volume of 3.6 ml. at 30°. Either ATP, 

ADP, or both ATP and ADP were present as indicated. After 5 and 15 minutes of 

incubation, 1 ml. aliquots of the mixtures were removed and heated in boiling water. 
The soluble portion of the heated extracts was assayed as described in the text. 

Cyclic 3,5-AMP formed per ml. heated 
tract 

Conditions = aisha 

| 5 min, 15 min. 

ee — | | — —_ 

pmoles X 10° | pmoles X 10° 

I sb ickia/in ate oad od hin vin Akash Nd oiechl 2.8 | 7.6 
ele SS oo ee 1.2 | 3.4 

pS a ee 0.8 | 2.0 

ments, in which adequate aeration was more difficult, were conducted in 

an atmosphere of 100 per cent oxygen. Substances like pyruvate and 

glutamate were not included in the large scale production of cyclic 3 ,5- 

AMP in order to simplify possible problems of purification. 

In the experiment in Table I, ADP was nearly capable of replacing 

ATP. However, in other experiments with frozen particulate prepara- 

tions, the formation of cyclic 3 ,5-AMP was reduced by nearly 70 per cent 

when ADP was substituted for ATP, even when very short incubation 

times were employed (Table II). This would indicate that ADP must 

be converted to ATP before participating in the reaction rather than the 

reverse. On the other hand, adenosine tetraphosphate displayed little 

or no ability to replace ATP in this system. 

Dilution of the liver particles resulted in the formation of less cyclic 
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3,5-AMP, usually not in proportion to the dilution factor. In most ex- 

periments, at the concentration of particles used in Table I or lower, the 

concentration of cyclic 3 ,5-AMP reached a maximum after 20 to 40 minutes 

and declined with further incubation. A 30 minute incubation period 

was adopted for the large scale production experiments. 

The ability of particulate preparations to form cyclic 3,5-AMP was not 

greatly impaired after either hypotonic exposure or freezing (Table I). 

In other experiments a combination of freezing and washing in water did 

TaBLe III 

Conversion of ATP-8-C to Radioactive Cyclic 3,5-AMP 

The heated extract was prepared by shaking 60 ml. of a suspension of water- 
washed liver particles at 30° for 20 minutes in a system containing 0.04 m Tris (pH 

7.5), 2.5 X 107? m MgSOu,, 6.67 X 107° M caffeine, 0.01 m NaF, 5.5 y per ml. of epineph- 

rine, 1 y per ml. of glucagon, and 60 ml. of 0.25 m sucrose in a final volume of 144 ml. 

The incubation mixture also included 2 X 10-? m ATP containing 95 uc. of ATP- 
8-C™ (0.5 we. per mg.) and was flushed with 100 per cent oxygen. 0.90 umole of 

cyclic 3,5-AMP was formed, of which 0.40 umole was recovered as the pure compound.* 
ADP and AMP were recovered as side fractions from ion exchange chromatography 
of the heated extract. Radioactivity measurements were made with an end window 

Geiger counter on dried, 0.10 ml. aliquots of suitable dilutions. The concentration 

of samples counted was calculated from ultraviolet absorption by using a milli- 

molar extinction coefficient at 260 mu of 14.2 for ATP, ADP, AMP, and cyclic 3,5- 

AMP. 

Sample | Specific activity 

c.p.m. per wmole 

Pe en ee | 17,750 

ADP recovered from heated extract.................... | 16 ,000t 

AMP ™ = sig Ee hoe ip pn ed Ge 18 ,000 

IND. a sis Sowers on nwadsedeiaess sonata ned 20 , 580 

*The ion exchange chromatographic procedures for the isolation of cyclic 3, 5- 

AMP are described by Sutherland and Rall (2). 

+ Not corrected for absorption due to contamination of this sample with NaCl. 

not abolish the response of liver particulate preparations to epinephrine or 

glucagon. 

Formation of Radioactive Cyclic 3,5-AMP from C4-ATP—The low yield 

of cyclic 3,5-AMP relative to the high concentration of ATP required to 

sustain the reaction allowed the possibility that some constituent of the 

particles was actually the precursor of the compound and that the require- 

ment for ATP could be explained on some other basis. To test this pos- 

sibility, ATP-8-C™“ was incubated with liver particles, and the radioac- 

tivity of the cyclic 3,5-AMP formed was determined after isolation (Table 

III). The specific activity of the cyclic 3,5-AMP in counts per minute 
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per micromole was no lower than that of the original ATP solution. The 

specific activities of ADP and AMP recovered from the heated extract 

show that little dilution of the added ATP occurred. No ATP was re- 

covered during ion exchange chromatography of the heated extract. 

Formation of Cyclic 3,5-AMP in Non-Hepatic Tisswes—Observations 

on the production of cyclic 3,5-AMP were extended to tissues other than 

liver. In Table IV are listed the results of an experiment in which par- 

ticulate preparations from the heart, skeletal muscle, and brain of a dog 

were incubated with ATP with and without epinephrine. Under the con- 

ditions used (no NaF) in the absence of epinephrine, no detectable cyclic 

3,5-AMP was formed with skeletal and heart muscle preparations, although 

TaBLe IV 

Formation of Cyclic 3,5-AMP in Extrahepatic Tissues 

The heated extracts were prepared by incubating 1 ml. of washed particle suspen- 

sion from the specified tissue at 30° for 5 minutes in a system containing 0.04 M Tris 

(pH 7.5), 2.5 X 10“? m MgSO,, 2 X 10-? m ATP, 6.67 X 10-* M caffeine, 5.5 y per ml. 

of epinephrine, and 1.0 ml. of 0.25 m sucrose in a final volume of 2.4 ml. The con- 

trol vessels contained no epinephrine. The soluble portion of the heated extracts 
was assayed as described in the text. 

| 

|Cyclic 3,5-AMP formed per ml. heated 
. extract 

Tissue eee de. zie i Es. 

Control | With epinephrine 

| pmoleX 103 | moles X 10° 

dS a ga gly, cs eat wis, aatige ew booklet pa oie 0 | 1.0 

I 6.856 ca. gcc csis Gi dnkcln eo eS awed Sika coos! 0 | 2.6 

Brain...... Bek alee ches dint Rindge Arsscni or seat ond 1.0 1.0 

a significant amount was formed in the presence of the hormone. In 

another experiment with skeletal muscle particles, glucagon was ineffec- 

tive in stimulating cyclic 3,5-AMP formation. With the use of particulate 

preparations from brain, conditions have not been devised as yet whereby 

an effect of added epinephrine on the formation of cyclic 3,5-AMP could 

be observed. In large scale experiments cyclic 3,5-AMP was isolated from 

heated extracts derived from the incubation of heart, skeletal muscle, and 

brain particles with ATP and was characterized as described elsewhere 

(2). 

DISCUSSION 

In the presence of a crude liver particulate suspension and C"-labeled 

ATP, cyclic 3,5-AMP was formed with apparently the same amount of 

radioactivity per adenine residue as the original ATP. This would indi- 
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cate that the formation of cyclic 3 ,5-AMP involves the cyclization of ATP 

without the obligatory contribution of ribonucleotide residues from endog- 

enous polynucleotides. The crude particulate preparations used in this 

report were capable of rapidly forming inorganic phosphate from either 

ATP or inorganic pyrophosphate. Therefore, studies on the fate of the 

remaining 2 phosphate residues of ATP following the synthesis of cyclic 

3,5-AMP have been deferred until enzyme preparations containing less of 

these interfering activities are available. 

The relationship of epinephrine and glucagon to the formation of LP 

now appears to be an indirect one, and the exact mechanism of action of 

these hormones in liver must be sought in the factors influencing the ac- 

cumulation of cyclic 3,5-AMP in tissue preparations. The concentrations 

of the compound that were achieved in incubation mixtures appeared to 

be the result of a balance of synthesis and hydrolysis by independent en- 

zyme systems, and the increased concentration observed in the presence 
of the hormones could be explained either by a stimulatory action on the 

former or by an inhibitory action on the latter process. This analysis 

ignores the possibility that the formation of cyclic 3,5-AMP is a freely re- 

versible reaction and that the hormones could act by somehow slowing the 

back-reaction. 

Further information on the mechanism of both synthesis of cyclic 3 ,5- 
AMP and hormone action will depend on purification, or at least simpli- 

fication of the tissue preparations used. Purification and characterization 

of the cellular particles involved may be an important first step in such an 

approach. Recent preliminary experiments have shown that rat liver 

particulate fractions are capable of responding to epinephrine and glucagon 

by forming significant amounts of cyclic 3,5-AMP, despite the fact that 

rat liver homogenates were relatively unresponsive to the hormones, as 

judged by stimulation of LP formation (6). It is hoped that fractionation 

of this much studied tissue, coupled with appropriate biochemical tests, 

will allow some characterization of the particulate material which catalyzes 

this reaction. 

The observation that the formation of cyclic 3,5-AMP is catalyzed by 

preparations from extrahepatic tissues, and that in the case of heart and 

skeletal muscle its accumulation can be influenced by epinephrine, focuses 

attention on the physiological and pharmacological action of this compound 

in these tissues. It is possible that cyclic 3,5-AMP and perhaps related 

compounds may play a significant role in the regulation of metabolism and 

function of a number of tissues, particularly those on which sympatho- 

mimetic amines have an effect. However, the only biochemical event 

which is at present known to be influenced by cyclic 3,5-AMP is the phos- 

phorylation of dephosphophosphorylase and, as yet, it is difficult to under- 
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stand the multitude of physiological effects of epinephrine in the light of 

this one reaction. In any event, investigation of the formation of cyclic 

3,5-AMP in extrahepatic tissues would be worth while, since these tissues 

might provide enzyme systems more readily fractionated than those from 

liver. 

SUMMARY 

1. An assay system suitable for the detection of small amounts of 

adenosine-3’ ,5’-phosphoric acid (cyclic 3,5-AMP) in crude and fraction- 

ated heated extracts is described. The assay depends upon the stimula- 

tion by this compound of liver phosphorylase formation in fractions of 
liver homogenates. 

2. The formation of cyclic 3,5-AMP catalyzed by tissue particulate 

fractions requires the addition of Mgt+ ions and adenosine triphosphate 

(ATP). Adenosine diphosphate is much less effective. 

3. The accumulation of cyclic 3,5-AMP is increased by Naf, caffeine, 

which is known to inhibit enzyme or enzymes hydrolyzing this compound, 

and by epinephrine and glucagon acting in an unknown fashion. 

4, C-labeled ATP gave rise to cyclic 3,5-AMP with sufficient radio- 

activity to be derived solely from added ATP. 

5. Particulate preparations from heart, skeletal muscle, and brain formed 

significant amounts of cyclic 3,5-AMP under the conditions used for liver. 

Epinephrine increased the accumulation of this compound in the prepara- 

tions from heart and skeletal muscle. 

The authors wish to thank Miss Arleen M. Maxwell, Mr. James W. 

Davis, and Mr. Robert H. Sharpley for technical assistance in these studies. 
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FRACTIONATION AND CHARACTERIZATION OF A CYCLIC 

ADENINE RIBONUCLEOTIDE FORMED 

BY TISSUE PARTICLES* 

By EARL W. SUTHERLAND anp T. W. RALL 

(From the Department of Pharmacology, School of Medicine, 
Western Reserve University, Cleveland, Ohio) 

(Received for publication, October 23, 1957) 

The isolation of an unusual adenine ribonucleotide was noted in a pre- 

vious report (1); this compound was formed by particulate fractions of 

liver homogenates in the presence of adenosine triphosphate, magnesium 

ions, and epinephrine or glucagon. The adenine ribonucleotide was found 

to be identical (2) to a product isolated from a barium hydroxide digest of 

adenosine triphosphate by Cook, Lipkin, and Markham (3).1 These 

authors originally termed the compound a cyclic dianhydrodiadenylic acid 

with phosphate esterification to ribose at positions 3 and 5. However, 

more recent evidence indicates that the compound is the mononucleotide, 

adenosine-3’ ,5’-phosphorie acid.? In this report the compound will be 

termed 3,5-AMP® for convenience. The formation of this compound in 

various tissue preparations has been described (4); the experiments re- 

ported in this paper describe the purification and certain properties of this 

ribonucleotide. 

Methods 

Materials—A highly purified prostatic phosphatase and a commercial 

sample of Russell’s viper venom were supplied by Dr. Henry Sable; a 

highly purified spleen phosphodiesterase was supplied by Dr. Leon Heppel. 

* This investigation was supported in part by a research grant (No. H-2745) from 

the National Heart Institute of the United States Public Health Service, and a grant- 

in-aid from the Lilly Research Laboratories. 
1 Dr. Cook, Dr. Lipkin, and Dr. Markham furnished samples which had been iso- 

lated by paper chromatography. The criteria of identity have been summarized in 

a previous note (2). 
2In a personal communication, Professor David Lipkin has informed us that a 

molecular weight determination and other data prove that the compound is aden- 
osine-3’,5’-phosphoric acid. The complete proof of structure of the nucleotide will 

be presented in a forthcoming publication by D. Lipkin, R. Markham, and W. H. 

Cook. 
*The following abbreviations are used: cyclic 3,5-AMP, adenosine-3’ ,5’-phos- 

phoric acid; 5’-AMP, adenosine 5’-phosphate; 2’-AMP, adenosine 2’-phosphate; 3’- 

AMP, adenosine 3’-phosphate; ATP, adenosine triphosphate; ADP, adenosine di- 

phosphate; Tris, tris(hydroxymethyl)aminomethane; D = optical density. 

1077 
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The intestinal phosphatase was purchased from the Nutritional Biochemi- 

cals Corporation and was dialyzed versus H,O before use. Crystalline 

ribonuclease was obtained from the Worthington Biochemical Corpora- 

tion. Yeast adenylic acid was purchased from the Schwarz Laboratories, 

Inc., and ribose 5-phosphate was purchased from the Nutritional Biochemi- 

cals Corporation. 

Assays—The assays of cyclic 3,5-AMP were performed as described (4), 

Assay of the cyclic 3,5-AMP-inactivating enzyme (phosphodiesterase) 

involved incubation of 1 X 10-‘m cyclic 3,5-AMP with the enzyme prepara- 

tion for 10 minutes at 30° in 0.04 m Tris buffer (pH 7.45) and 2 X 10° 

MgCl:. After heating in a boiling bath for 2 minutes, the reaction mixture 

was cooled and diluted suitably for assay of residual cyclic 3,5-AMP. 

Ion Exchange Resin Chromatography—Analytical grade resins AG 

2-X8 chloride and AG 50-X8 hydrogen of 200 to 400 mesh were purchased 

from the Bio-Rad Laboratories; these had been processed from Dowex 

2-X8 and Dowex 50-X8. The resins were washed twice with 5 volumes of 

2 nN HCl, then twice with distilled water, 2 Nn NaOH, distilled water, 2 n 

HCl, and then with glass-distilled water until chloride-free. Such resins 

were used for the first two steps; resins for later steps were washed further 

with 0.1 n NaOH, distilled water, 0.1 Nn HCl, and glass-distilled water. 

The pressure of gravity was utilized in all cases for absorption and elu- 

tion procedures and averaged about 30 cm. for absorption of cyclic 3,5- 

AMP on Dowex 2 resins at neutral pH, while an average pressure of 15 

em. of fluid was used for elution from Dowex 2 columns and for all steps 

with Dowex 50 resins. The temperature of the air-conditioned room varied 

from about 22-28°. 

EXPERIMENTAL 

Isolation of Cyclic 3 ,5-AMP 

Preparation of Heated Extracts—Heated extracts containing cyclic 3,5- 

AMP were prepared by the procedure described previously (4), adapted to 

a large scale. Washed particles derived from one dog liver, treated in a 

blendor in 0.25 m sucrose, were incubated in a medium containing at final 

concentrations 0.04 m Tris (pH 7.5), 2.5 K 10-? m MgSO,, 2 X 10° m 

ATP, 6.67 X 10-* o caffeine, 0.01 m NaF, 5.5 y per ml. of epinephrine, 

1 y per ml. of glucagon, and approximately 0.2 m sucrose. On the average, 

each liter of incubation mixture contained washed particles derived from 

about 280 gm. of liver. The mixtures were incubated at 30° for 30 min- 

utes with mechanical stirring in an atmosphere of 100 per cent O, and then 

were heated for 5 to 7 minutes in boiling water. After chilling, the insol- 

uble material was removed by centrifugation and the supernatant fluid 

(heated or boiled extract) was stored at —20°. 
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First Dowex 2 Resin Column (1-D-2)—Table I summarizes the results 

obtained during the fractionation of a pooled sample of boiled extracts 

derived from four livers. 6.5 liters of boiled extract were passed overnight 

through a Dowex 2 resin column measuring 15 em. X 10.5 sq. cm. The 

resin was then washed with 100 ml. of H,O and was eluted with 0.05 n 

TaBLeE I 

Fractionation of Cyclic 3,5-AMP Formed by Liver Particles 

The boiled extracts from four liver particle incubation mixtures were pooled and 
the 6470 ml. were applied to the 1-D-2 resin column and eluted with 0.05 n HCl. 

Fractions 8 to 13 were pooled and passed through the 1-D-50 resin column, followed 
by 0.05 n HCl as the continued eluting agent. Fractions 4 to 8 were pooled, neu- 

tralized, and, after addition of Tris, were applied to the 2-D-2 resin column and 
eluted with 0.02 Nn HCl. Fractions 2 to 5 were pooled and passed through the 2-D-50 
resin column, followed by 0.02 Nn HCl as the continued eluting fluid. The value of 
optical density per micromole of cyclic 3,5-AMP was calculated to be 14.2 for pure 
eyclic 3,5-AMP. 

Fraction Deo X ml. | pe | ne Coie I 3,5- a AMP 

| | — 

Boiled extract | 748,000 0.850 | 0.740 ee 10,700 
| 

1-D-2 7 5,160 0.356 | 0.803 1.08 | 4,780 
1-D-2 [8-13 30,200 | 0.332 | 0.823 | 54 560 
1-D-2 14 | 6,960 | 0.392 | 0.872 5.8 | 1,200 
1-D-50 3 | 145 | 0.620 | 0.926 0.40 | 362 
1-D-50 \4-8 1,360 | 0.829 | 0.833 46 29.6 
1-D-50 9 300 | 1.47 | 0.611 0.68 | 573 
2-D-2 it 193 | 1.90 | 0.478 | 0.12 | 1,610 
2-D-2 \2-5 584 | «(0.459 | «(0.876 38 15.4 
2-D-2 6 16.5 | 0.490 | 0.902 0.30 | 55.0 
2-D-50 [2 2.9 | 0.745 | 0.889 0.068 | 42.7 
2-D-50 (3 68 0.238 | 0.902 5.0 | 13.6 
2-D-50  |4 228 | 0.234 | 0.877 | 16.8 | 13.6 
2-D-50 §=|5 189 0.337 | 0.896 ae 14.3 
2-D-50 (6 | 59 | 1.04 0.702 2.4 | 24.5 
2-D-50 iy | 34 0.528 | 0.36 | 94.5 1.71 | 

. *C aleculated from activity in the assay system (4). 

HCl (the combined volume of Fractions 1 to 5 was 540. ml., and each sub- 

sequent fraction measured 60 ml.). In Fraction 6, the pH of the effluent 

decreased sharply to produce a blue color with Congo red indicator. This 

change in pH preceded slightly the elution of cyclic 3,5-AMP and served 

as a guide in fractionation, since the fraction at which this change occurred 

varied somewhat, depending upon the volume of heated extract passed 

through the resin. Assays for cyclic 3,5-AMP showed that the major por- 

tion of the compound was contained in Fractions 8 to 13 (Table I), which 
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also encompassed the last two-thirds of the 5’-AMP peak and the first 
one-third of the ADP peak. The 1-D-2 column served mainly to concen- 

trate cyclic 3,5-AMP and to remove large amounts of various impurities, 

First Dowex 50 Resin Column (1-D-50)—Fractions 8 to 13 from the 

1-D-2 column were pooled and passed through a Dowex 50 resin column 

measuring 15 cm. X 7.0 sq. em. previously washed with 0.05 n HCl. For 

continued elution, 0.05 n HCl was added. The combined volume of 

Fractions 1 and 2 was 450 ml., while each subsequent fraction was 134 

ml. Practically all the ADP appeared in Fractions 1 and 2, and almost 

all the AMP was still on the resin after Fraction 9 was collected. These 

nucleotides had been present in large excess over the cyclic 3,5-AMP, 

which, in this case, was confined mainly to Fractions 4 to 8 (Table I). 

This step also removed a considerable amount of buffering material which 

appeared to be primarily inorganic phosphate. 

Second Dowex 2 Resin Column (2-D-2)—Fractions 4 to 8 from the 1-D-50 

column were pooled and neutralized, and, after the addition of 0.2 per cent 

volume of 1.0 m Tris (pH 7.45), were passed overnight through a Dowex 2 

resin column measuring 15 cm. X 0.79 sq. cm. The next morning the 

resin was washed successively with 10 ml. of H:O and 50 ml. of 0.005 n 

HCl; 0.02 n HCl was then added, and 10 ml. fractions were collected. 

In general, this step separated almost all other components from cyclic 

3,5-AMP, at least in selected fractions. However, some difficulty was 

encountered in freeing the Dowex 2 resin of elutable ultraviolet-absorbing 

material which then contaminated presumably all fractions. Fortunately, 
this material appeared to be retained on Dowex 50 resins at acid pH. In 

addition, a number of the fractions containing a considerable portion of 

the cyclic 3,5-AMP frequently contained small amounts of other nucle- 

otides, as was obviously the case in the example shown in Table I. 

Second Dowex 50 Resin Column (2-D-50)—Fractions 2 to 5 from the 

2-D-2 column were pooled and passed through a Dowex 50 resin column 

measuring 15 cm. X 1.13 sq. cm. previously washed with 0.02 n HCl; 

for continued elution, 0.02 n HCl was added. The volume of Fraction 1 

was 40 ml., and each subsequent fraction was 20 ml. The impurities re- 

moved by this step appear to be compounds containing cytosine and gua- 

nine, as judged by the ultraviolet spectrum (Table I). The theoretical 

limit of 14.2 for Dogo X ml. per micromole (millimolar extinction coeffi- 

cient) was occasionally exceeded slightly, as shown in Table I, last column. 

Whenever highly active fractions have been reassayed and refractionated, 

all results have indicated that a value of about 14.2 represents maximal 

activity. The over-all recovery of cyclic 3,5-AMP in Fractions 3, 4, and 

5 from the 2-D-50 column was 50 per cent. 

Crystallization of Cyclic 3 ,5-AMP—Several preparations from the 2-D-2 
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fractionation, similar to Fractions 2 to 5 in Table I, were pooled, neutral- 

ized, and fractionated again on a Dowex 2 chloride resin column. The 

most active fractions were pooled and fractionated further on a Dowex 50 

resin column, and the peak fractions yielded 27 ml. of a 1.2 * 10-* M solu- 

tion in 0.05 n HCl with high activity (Deseo per micromole = theory). 

This sample (Special D-50) was lyophilized without neutralization. To 

one-half of the resultant powder in a small flask was added 1.0 ml. of glass- 

distilled water, and the flask and contents were warmed to 50°. The 

sample was transferred to a centrifuge tube and, on chilling, crystals ap- 

peared with a pronounced sheen. In general, small rods often in rosettes 

were most common; the ends were generally pointed when the rods were 

larger. At times, flat rods or plates with pointed tips were formed; oc- 

casionally these crystals were large and readily visible with 100X, or less 

magnification. The warmed solution was 3.6 X 10-? m with a pH of 

about 2, while the supernatant fluid above the crystals at 2° was 0.9 X 

10? M. 

Isolation of Cyclic 3,5-AMP from Extrahepatic Tissues—Boiled extracts 

were prepared from incubation mixtures in which particles from dog heart, 

skeletal muscle, and brain were substituted for liver particles (4). These 

boiled extracts were fractionated by ion exchange resins as described above, 

except that smaller volumes of extracts were used and the resin columns 

were proportionately of smaller diameter. The results of fractionation 

on the 2-D-2 resin column are summarized in Table II. Over-all recoveries 

in Fractions 1 to 4 were 53 per cent for heart and skeletal muscle and 45 

per cent for brain. It may be noted that the values Dogo X ml. per micro- 

mole of cyclic 3,5-AMP for Fractions 2, 3, and 4 do not differ greatly from 

the value obtained with the fractionation described in Table I. Samples 

2, 3, and 4 were pooled, passed through Dowex 50, and appropriate frac- 

tions were lyophilized and characterized further as reported below. 

Properties of Cyclic 3,5-AMP 

Spectrum and Components—The ultraviolet spectrum of highly purified 

samples was similar to that of 5’-AMP. The Eyax in 0.05 n HCl was at 

257 my with essentially maximal absorption at 256 my. In acid, the 

Dogo/260 Was 0.23 to 0.24, and the Deso/260 was 0.88 to 0.89; the corresponding 

values for 5’-AMP were smaller. The spectrum in alkali was almost 

identical to the spectrum of 5’-AMP. 

The assumption was made that the molar extinction coefficient for cyclic 

3,5-AMP in acid at 260 my was 14.2 X 10*. The validity of this assump- 

tion was established by experiments reported below in which cyclic 3,5- 

AMP was converted quantitatively to 5’-AMP without detectable change 

in optical density at 260 my. Ribose content was determined (5), and 
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phosphate content (6) after ashing. Based on the above assumption of 

extinction, it was found that 1.00 umole of cyclic 3,5-AMP contained 1.01 

umoles of ribose and 1.02 uwmoles of phosphate. Several tests for other 
components were negative and included ninhydrin (7) before and after 
hydrolysis, carbazole (8), carbazole and cysteine (9), naphthoresorcinol 

(10), and sulfuric acid-cysteine tests (11). 

Titration with Alkali—A sample of lyophilized cyclic 3 ,5-AMP (lyophil- 
ized special Dowex 50 preparation) was dissolved in HO and 4.4 ml. of 

TaBLeE II 

Second Dowex 2 Fractionation of Cyclic 3,5-AMP Formed by Particles 

from Heart, Skeletal Muscle, or Brain 

Fractions 4 to 8 from the 1-D-50 resin column were pooled, neutralized, and frac- 

tionated on the 2-D-2 resin column as described in Tabie I, except that the column 

size was 15 cm. X 0.125 sq. em. and the individual fractions were correspondingly 
smaller. 

Deo X ml. 
| | 

Tissue a Deeo X ml. | pe iw Cr 3 »5- | umoles cyclic 3, 5- 

=. | rh. a AMP 

| | } pmole 

Heart | 1 | 0.260 | 0.36 | 0.86 | 0.010 | 26 
a Zz. 0.96 | 0.26 | 0.90 | 0.040 24 
” | 3 | 0.54 | 0.27 | 0.93 | 0.042 13 
es | 4 | 0.27 | 0.30 | 0.92 | 0.017 | 16 

Skeletal muscle 1 | 0.28 0.38 | 0.90 | 0.0066 43 

« « 2 | 1.6 0.27 | 0.89 | 0.098 16 
« Go) 0.25 | 0.90 | 0.064 | 17 
i a 4 | 0.39 | 0.40 | 1.27 | 0.032 | 12* 

Brain 1 | 2.4 0.20 | 0.84 | 0.005 | 480 
“ 2 | 4.2 0.23 | 0.89 | 0.20 | 21 
es 3 | 29 0.23 | 0.90 | 0.17 17 
ee 4 | 0.98 | 0.23 | 0.98 | 0.060 | 16 

* The corresponding value for Tube 5 was 26. 

a 5.8 X 10-* Mm solution (pH 2.30) were titrated with 0.10 n NaOH to neu- 

trality. A HCl solution at pH 2.35 served as a control. It was found 

that more alkali was required to neutralize the cyclic 3,5-AMP solution 

than the control. Buffering was found to occur in the area near pH 4.0, 

but essentially no buffering was noted in the pH range 5.5 to 7.0. This 

indicated that no monoesterified phosphate groups were present. 

Stability in Acid and Alkali—The stability of cyclic 3 ,5-AMP in acid was 

determined by measurement of biological activity and by formation of 

inorganic phosphate. Cyclic 3,5-AMP in 1.0 n HCl was heated in boiling 

water and samples were removed at 15, 30, and 60 minutes. At these 

times, 
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times, the losses of biological activity were 19, 54, and 78 per cent, respec- 

tively, and the amounts of inorganic phosphate formed were 17, 41, and 

63 per cent of the total. Cyclic 3,5-AMP in 1.0 n NaOH was also heated 
in boiling water and samples were removed at 7, 15, and 40 minutes. At 

these times, the losses of biological activity were 31, 64, and 90 per cent. 

These and other experiments showed that the nucleotide was very resistant 

to inactivation by acid or alkali. 

Hydrolysis with Dowex 50 and Identification of Products 

The hydrogen form of Dowex 50 has been used as a catalyst for hydroly- 

sis of the glycosidic link of adenine ribonucleotides. With use of this 

catalyst, the hydrolysis was so rapid that ribose 2-phosphate and ribose 

3-phosphate were formed from 2’-AMP and 3’-AMP, respectively, without 

significant isomerization (12). However, in preliminary experiments 

cyclic 3,5-AMP was hydrolyzed only about 35 per cent after 15 minutes 

heating in the presence of Dowex 50 and 0.05 n HCl. Under these condi- 
tions, isomerization of phosphate attached to the 2 or 3 position of ribose 

might be expected. In these experiments the ribose phosphate or phos- 

phates formed from cyclic 3,5-AMP differed from ribose 5-phosphate in 

having a slower rate of color development with orcinol reagent, and a 

faster rate with the sulfuric acid-cysteine reagents. The ribose phosphate 

was more acid-labile than ribose 5-phosphate and was eluted from Dowex 2 

by NH,Cl in the presence of borate. 

A larger scale experiment was performed to produce amounts of ribose 

phosphate sufficient for characterization by chromatography. A Dowex 

50 resin sample was washed three times with 0.05 n HCl and upon centrifu- 

gation at 1200 X g packed to a volume of 2.9 ml. To this were added 10 

ml. of cyclic 3,5-AMP in 0.05 n HCl containing the equivalent of 600 y of 

ribose. The mixture was stirred for 20 minutes at room temperature, 

then heated in a boiling bath for 25 minutes with stirring, cooled to room 

temperature, and centrifuged for 7 minutes at 1200 X g. The supernatant 

fluid was removed, and to the precipitate were added 10 ml. of 0.05 n HCl. 

The suspension was heated in the boiling water bath for 25 minutes with 

stirring, cooled, and, after centrifugation, the supernatant fluid was re- 

moved and pooled with the previous supernatant fluid. The pooled super- 

natant fluids contained ribose or ribose derivatives equivalent to 490 y of 

ribose. After neutralization and addition of 2 per cent by volume of 0.2 

M Tris, pH 7.4, the sample was passed over a Dowex 2 chloride resin column 

12.2 em. X 0.28 sq.cm. The resin was washed with H.O and eluted with 

0.015 n HCl. (Preliminary experiments showed that ribose phosphates 

were separated from cyclic 3,5-AMP and ribose by this fractionation.) 

The eluted fractions contained 93 per cent of the applied ribose or ribose 
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derivatives and it was estimated that 72 per cent of the eluted material 
was present as ribose phosphate, 14 per cent as free ribose, and about 14 
per cent as nucleotide. 

The ribose phosphates were pooled and the major portion was fraction- 
ated on an anion exchange resin as described in Fig. 1, a modification of 
the methods of Khym and Cohn being used (12, 13). A mixture of ribose 
3-phosphate and ribose 2-phosphate was prepared from yeast adenylic 

Omemo YEAST AMP + DOWEX-50+RIBOSE-5-PO, 
@:ss0@ 3,5-AMP + DOWEX- 50 

NH, Ct 
t 

° 

1g OF RIBOSE PER mi 

L L 1 

100 150 200 250 

mt OF EFFLUENT 

Fig. 1. Fractionation of ribose phosphates from Dowex 50-catalyzed hydrolysis of 

cyclic 3,5-AMP. The control sample contained (as ribose) 425 y of ribose phosphates 

from yeast adenylic acid and 165 y of ribose 5-phosphate in 10.9 ml. of 0.013 m KCI, 
containing 0.0035 m Tris (pH 7.4). The ribose phosphates from cyclic 3,5-AMP were 

pooled samples from the Dowex 2 fractionation described in the text. The sample 
contained (as ribose) 220 y of ribose phosphates in 11.4 ml. of 0.013 m KCl, containing 

0.0035 m Tris (pH 7.4). Each sample was passed through a Dowex 2 chloride resin 

column 5 cm. X 0.125 sq. em. and the resin was washed with 10 ml. of H.O, and then 
eluted. The eluting agent was 240 ml. of 0.04 m NH,Cl, containing 0.002 m Na2B,0;; 

then 0.04 m NH,Cl alone was added, as indicated by arrow. 

acid in a similar fashion and was fractionated by the same methods. Pilot 

experiments showed that the ribose phosphates were separated by relatively 

short resin columns. The results of the experiment summarized in Fig. 1 

indicated that the ribose phosphates formed from cyclic 3,5-AMP in the 

presence of the hydrogen form of Dowex 50 were ribose 3-phosphate and 

ribose 2-phosphate. Only about 5 per cent of the total ribose was found 

in the fractions in which ribose 5-phosphate was eluted after addition of 

NH,Cl without borate. All of the ribose content applied to the columns 

was accounted for in the eluted fractions shown in Fig. 1. 
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The Dowex 50 resin present after hydrolysis of the cyclic 3,5-AMP was 

washed with 0.05 n HCl and then eluted. To a control resin were added 

3 umoles of adenine in 0.05 n HCl, and after stirring for 30 minutes at room 

temperature, the control resin was treated exactly as the experimental 

resin. The resins were placed in glass columns forming a bed 3.6 X 0.79 

sq. em. and, after washing with 70 ml. of 0.05 n HCl, to each was added 

0.5 n KOH until the pH of the effluent became suddenly alkaline, at which 

time 0.05 n KOH was used to elute the resins. From these alkaline frac- 

tions were recovered, on the basis of spectrum, 3.1 wmoles of adenine from 

the control and 2.3 umoles from the resin incubated with cyclic 3 ,5-AMP. 

The peak fractions were passed over Dowex 2 and the spectra of fractions 

were identical in acid and alkali. The absorption maximum of both sam- 

ples was 263 my in 0.1 N HCl and 269 my in 0.1 n KOH. 

Enzymatic Hydrolysis of Cyclic 3,5-AMP and Identification of Product 

Preparation of Enzymes—Fresh beef hearts were chilled and the ventricles 

were ground in a meat grinder. The ground muscle was homogenized 

with 2 volumes of cold 0.33 m sucrose in a Waring blendor for about 1 min- 

ute until the tissue was well dispersed. The homogenate was centrifuged 
at 4100 X g for 15 minutes and the supernatant fluid (sucrose extract) 

was decanted. 

Solid ammonium sulfate was added to the sucrose extract in amount 

sufficient to produce a 45 per cent saturated solution (31.5 gm. of am- 

monium sulfate plus 1.37 ml. of 1 n KOH per 100 ml.). After standing 

for 20 minutes in an ice bath, the precipitate was collected by centrifuga- 

tion at 7000 X g for 15 minutes, and the supernatant fluid was discarded. 
The precipitate was suspended or dissolved with glass-distilled water, the 

volume added being 10 per cent of the volume of the sucrose extract. A 

neutralized solution of ammonium sulfate (pretreated with Versene (14) 

- and saturated at room temperature) was added in volume equal to the 

previous water addition. After standing for 10 minutes in an ice bath, 

the precipitate was collected by centrifugation at 7000 X g for 15 minutes, 

and the supernatant fluid was discarded. The precipitate (0.5 precipitate) 

was suspended or dissolved in glass-distilled water, the volume added being 
4 per cent that of the sucrose extract, and the preparation was then frozen 

at —20° for overnight or longer. 

The 0.5 precipitate was thawed, mixed well, and, after centrifugation at 

10,000 X g for 15 minutes, the precipitate was discarded. The superna- 

tant fluid was then centrifuged at 70,000 X g for 40 minutes, and the re- 

sulting supernatant fluid was decanted and frozen at —20° or fractionated 
further without freezing. The ammonium sulfate concentration was es- 
timated, and additional saturated ammonium sulfate solution was added 
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to produce a final concentration of 50 per cent saturation. After standing | 
10 minutes in an ice bath, the precipitate was collected by centrifugation 

at 10,000 X g for 15 minutes, was dissolved in glass-distilled water (the 

volume being about 1.5 per cent of the sucrose extract), and the prepara- 

tion was dialyzed against 8 X 10-* n KOH for 2 hours, 4 X 10-* n KOH 

for 1 hour, and glass-distilled water for 20 hours in the cold. The dialyzed 

preparation was diluted 10-fold with cold glass-distilled water and 0.1 

volume of calcium phosphate gel (15) was added. After 20 minutes of 

stirring, the gel was collected and washed once with water and twice with 

0.1 m Tris (pH 7.45). The gel was dissolved by the addition of 0.1 m 

citrate, pH 6.5 (4 per cent of sucrose extract volume). This hazy solution 

was dialyzed for 2 hours versus 0.05 M citrate, pH 6.5, then, the precipitate, 

collected by centrifugation at 10,000 X g for 15 minutes, was discarded, 

Ammonium sulfate was added to the supernatant fluid to 14 per cent 

saturation and the resulting precipitate was again discarded. At times, 

formation of this precipitate was aided by freezing. The 14 to 40 per cent 

saturated ammonium sulfate fraction was collected, was dissolved in water 

(0.5 per cent of sucrose extract volume), and was dialyzed versus dilute 

KOH and water as above. The slightly hazy solution ‘was clarified by 

centrifugation at 100,000 X g and the resulting supernatant fluid served 

as the partially purified enzyme from heart. This enzyme was activated 

by magnesium ions. 

Extracts from brain were more active than extracts from heart and were 

fractionated by a similar procedure; however, traces of interfering enzyme, 

or enzymes, remained in the final brain preparation. Extracts from liver 

had relatively less activity and have not been fractionated. The enzymatic 

activity of extracts of heart, brain, and liver was inhibited by caffeine. 

Hydrolysis and Identification of Products—The cyclic 3,5-AMP was not 

inactivated when incubated with prostatic phosphatase, crude intestinal 

phosphatase, Russell’s viper venom (1), nor by incubation with ribonuclease 

or highly purified spleen phosphodiesterase. However, as reported (1), 
cyclic 3,5-AMP was rapidly inactivated by extracts from brain and heart, 

and less rapidly by extracts from liver. In the following experiments the 

partially purified enzyme from heart was used and was found to release 

no inorganic phosphate when incubated with 5’-AMP, 3’-AMP, or 2’-AMP, 

and contained no adenosinetriphosphatase activity. In one experiment 

the enzyme was incubated with ribonucleic acid core (16) and did not 

attack this substrate under the conditions employed. 

Preliminary experiments showed that the enzymatic inactivation of 

cyclic 3,5-AMP, catalyzed by the heart enzyme, proceeded without forma- 

tion of inorganic phosphate and with spectral change limited to a slight 

lowering of the Dego/260 and Deso/20 ratios. Experiments such as the one 

summarized in Table III established that cyclic 3 ,5-AMP was quantitatively 
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converted to 5’-AMP by the heart enzyme as judged by enzymatic de- 

phosphorylation of the product by the 5’-nucleotidase contained in Russell’s 

viper venom and by paper chromatography of the reaction mixture. Since 

the reaction mixtures were not deproteinized before application to the 

paper, 5’-AMP was also incubated with the heart enzyme to serve as a 

TaB.eE III 

Characterization of Product Formed on Enzymatic Inactivation 

of Cyclic 3,5-AMP 

The reaction mixture (3.6 ml.) contained 4.8 X 10-4 m cyclic 3,5-AMP, 2 X 10°? M 

MgS0,, 4 X 10-2 m Tris (pH 7.45), and an amount of partially purified heart enzyme 

capable of inactivating the cyclic 3,5-AMP completely in less than 60 minutes at 30°. 

A control reaction mixture contained 4.6 X 10-‘m 5’-AMP. At zero time and after 

60 minutes of incubation at 30°, samples were removed for determination of activity, 
ultraviolet spectrum, migration on paper, and for incubation with several phospha- 

tases. Chromatography was carried out at 22° for 17 hours with No. 1 paper. Pros- 

tatic phosphatase was incubated at pH 5.6, and Russell’s viper venom at pH 7.4; 

an excess of enzyme was used in both cases. 

Inorganic phosphate 
Paper chromatography released per umole com- 

b: 

Compound aes —— _ 
| * 

Solvent ” | Solvent 2t | Pt a. 

a oy see 2 | Rr fe | pmoles pmoles 

2’-AMP..... sites Sake eae ale | 0.37 0.29 0.0 1.15 
| ae fe Sg shite an Gc ncgel Be | 0.22 0.28 0.0 1.0 

§’-AMP..... ~~ | 0.42 0.26 0.98 1.05 

Cyclic 3,5-AMP. ; sesesssee| 0.15 0.33 | 0.0 0.0 
= + heart enzyme. Aas 0.44 0.25 1.09 0.97 

5’-AMP + heart enzyme............... 0.44 0.25 1.05 1.02 

* (NH,)2SO,, isopropanol, acetate (pH 6.0); ascending (17). 

+ 95 per cent ethanol, ammonium citrate (pH 4.4); descending (18). 

control. Small amounts of protein were sometimes observed to alter the 

rate of migration, especially in the ascending system used. 

Cyclic 3,5-AMP from Heart, Brain, and Skeletal Muscle 

Samples from 2-D-50 columns were lyophilized to obtain sufficient con- 

centration for comparison with cyclic 3,5-AMP from liver particles. Sam- 

ples obtained from heart, brain, and dutetal muscle sources were identical 

to cyclic 3,5-AMP from liver by the following criteria: (a) ultraviolet spec- 

trum, (b) biological activity, (c) paper chromatography, (d) loss of biologi- 

cal activity when incubated with partially purified enzyme from heart, and 

(e) quantitative conversion to 5’-AMP on incubation with the partially 

purified enzyme from heart. 
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Cyclic 8,5-AMP from Ba(OH), Digest of ATP 

Cook, Lipkin, and Markham have isolated a cyclic adenylic acid which 

was produced during the barium hydroxide hydrolysis of ATP (3). By a 

number of criteria this compound was found to be identical to the adenine 

ribonucleotide (cyclic 3,5-AMP) produced in the presence of cellular 

particles (2). Additional supporting evidence for identity includes the 

fractionation of the synthetic compound on Dowex 50 resin columns, and 

subsequent crystallization of the compound. The cyclic nucleotide was 

synthesized by the method of Cook, Lipkin, and Markham by incubating 

5.0 gm. of ATP in 60 ml. of saturated Ba(OH), solution in a boiling bath 

for 35 minutes with shaking. 5 nN H.SO, was added in amounts sufficient 

to precipitate all barium and to bring the pH to about 2. The supernatant 
fluid was passed through a Dowex 50 column 15 em. X 7.1 sq. em. and 0.05 
N HCl was added as in the first Dowex 50 step in Table I. By this pro- 

cedure the cyclic 3,5-AMP was separated from the other adenine nucleo- 

tides. The fractions containing cyclic 3,5-AMP were lyophilized, and a 

concentrated solution was prepared by adding 10 ml. of HO to one-half of 

the powder, and warming to 42°. After brief centrifugation, the super- 

natant fluid was chilled in a centrifuge tube and crystals appeared as the 

temperature approached 30°. After chilling to 2°, the crystals were sep- 

arated by centrifugation, dissolved in H,O at 42°, and recrystallized by 

chilling. When the resultant crystals were obtained by centrifugation and 

diluted to a 3.8 X 10- M solution, chilling in a cold room or ice bath was 

required for crystal production. At 2°, the supernatant fluid above the 

crystals contained cyclic 3,5-AMP at a concentration of 0.90 X 107 m. 

In later experiments it was found that the disodium salt was much 

more soluble in water than the free acid form. Lyophilized cyclic 3,5- 

AMP could be readily dissolved in dilute NaOH at room temperature to 

make a solution at pH 5.0 which was several times as concentrated as that 

achieved when water at 42° was used. Upon acidification with HCl, 

crystals were obtained; recrystallization from water was performed as 

before. With this procedure, 490 mg. of crystals were obtained from 15 

gm. of disodium ATP, which is about 6 per cent of the theoretical yield. 

DISCUSSION 

The adenine ribonucleotide isolated from animal tissues has been shown 

to be identical (2) with a product of the alkaline degradation of ATP 

isolated by Cook, Lipkin, and Markham (3). The pooled information 

on the properties of the compound isolated from both sources is compatible 

with the formulation of the compound as adenosine-3’ ,5’-phosphoric acid. 

This structure accounts for the value of 1 for the molar ratio of adenine 

to ribose to phosphate as well as for the absence of monoesterified phos- 

phate 
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phate. That the compound contains only diesterified phosphate is sup- 

ported by a large body of data, including titration with alkali (2), resistance 

to attack by phosphomonoesterases (1-3), and electrophoretic mobility on 

paper (3), and is suggested by its behavior during paper and ion exchange 

chromatography. The sole product of hydrolysis catalyzed by the par- 

tially purified enzyme from heart was 5’-AMP, and acid hydrolysis, with 

Dowex 50 as catalyst, led to the formation of an equilibrium mixture of 

ribose 2-phosphate and ribose 3-phosphate, indicating the existence of 

3’,5’- (or 2’,5’-) phosphodiester bonds.” 

Cyclic 3,5-AMP was not attacked by a number of phosphodiesterases, 

including crude intestinal phosphatase, spleen phosphodiesterase, and 

pancreatic ribonuclease (1), and was hydrolyzed only very slowly by high 

concentrations of crude Crotalus adamanteus venom (2, 3). However, it 

was apparent from early experiments on the biological production of cyclic 

3,5-AMP that, once formed, the compound was subject to rapid destruction 

while in contact with tissue preparations. Various tissue extracts were 

fractionated in a search for an enzyme inactivating the compound to give 

products which would yield information regarding structure. It was 

possible to purify an enzyme from extracts of heart muscle which quanti- 

tatively converted cyclic 3,5-AMP to5’-AMP. Although extracts of brain 

were more active in destroying cyclic 3 ,5-AMP than were extracts of heart 

muscle, purified brain preparations hydrolyzed the compound to give 

dephosphorylated and deaminated derivatives of 5’-AMP as well as 5’- 

AMP itself. Although neither one of these partially purified enzymes has 

been adequately characterized, it seems probable that they are phospho- 

diesterases. Extracts of liver were much less active in destroying cyclic 

3,5-AMP than those of either heart or brain; however, there was enough ac- 

tivity in preparations of liver tissue to require addition of caffeine for max- 

imal accumulation of the compound (4). The distribution and properties 

of enzymes inactivating cyclic 3,5-AMP have not been studied in detail; it 

is possible that a given tissue may contain more than one enzyme catalyzing 

the formation of 5’-AMP, or perhaps other products, from cyclic 3 ,5-AMP. 

Future studies on the mechanism of action of epinephrine and glucagon, as 

well as of other chemical agents (e.g. caffeine), will include consideration 

of the possible participation of these enzymes. Also, it would be expected 

that the pharmacological effects of exogenous cyclic 3,5-AMP on various 

tissues would be influenced, not only by the rate of entry of the compound, 

but also by its enzymatic destruction.‘ 

‘Rabbit liver slices were found to have increased phosphorylase concentration 
and decreased glycogen content, accompanied by increased glucose output when in- 

cubated in the presence of 2X 10-5 m cyclic 3,5-AMP. (Smith, L., Reuter, S., 

Sutherland, E., and Rall, T., unpublished observations.) 
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SUMMARY 

1. An adenine ribonucleotide (formed by particulate fractions of liver 

homogenates in the presence of adenosine triphosphate, magnesium ions, 

and epinephrine or glucagon) was isolated in good yield by use of ion ex- 

change resins and was crystallized. 

2. An adenine ribonucleotide, produced in the presence of particulate 

fractions from heart, skeletal muscle, and brain was isolated and found to 

be identical to the one formed by particulate fractions from liver. 

3. The adenine ribonucleotide contained no monoesterified phosphate 

groups and was quantitatively converted to adenosine 5’-phosphate when 

incubated with a partially purified enzyme from heart. When hydrolysis 

of the ribonucleotide was catalyzed by the hydrogen form of Dowex 50, 

the products were identified as adenine and a mixture of ribose 3-phosphate 

and ribose 2-phosphate. The evidence indicated that the compound was 

a cyclic adenylic acid. 

4. The cyclic adenylic acid was found to be identical to the cyelic 

adenylic acid isolated by Cook, Lipkin, and Markham from barium hydrox- 

ide digests of adenosine triphosphate and recently determined by these 

authors to be adenosine-3’ ,5’-phosphoric acid (cyclic 3 ,5-AMP). 

5. An enzyme capable of inactivating cyclic 3,5-AMP was found in 

several tissues. The enzyme, probably a phosphodiesterase, was especially 

active in brain extracts and was partially purified from extracts of brain 

and heart. The enzyme was activated by magnesium ions and was in- 

hibited by caffeine. 

The authors wish to thank Mr. James W. Davis, Miss Arleen M. Max- 

well, and Mr. Robert H. Sharpley for technical assistance in these studies. 
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THIOOXIDASE, A NEW SULFHYDRYL-OXIDIZING ENZYME 
FROM PIRICULARIA ORYZAE AND 

POLYPORUS VERSICOLOR 

By HAROLD A. NEUFELD, LONZO F. GREEN, FRANCES M. LATTERELL, 
AND ROBERT L. WEINTRAUB 

(From the Biological Warfare Laboratories, Fort Detrick, Frederick, Maryland) 

(Received for publication, December 6, 1957) 

In the course of a study of the enzymes of Piricularia oryzae Cav., the 

fungus causing the blast disease of rice, it was observed that activity of 

crude polyphenoloxidase preparations from culture filtrates was not 

inhibited by sodium diethyldithiocarbamate (DEDTC), a widely used 

inhibitor of copper-containing enzymes. Further investigation revealed 

that such preparations contained an enzyme which catalyzes the oxidation 

of DEDTC and related compounds. This enzymatic reaction appears 

not to have been described in the literature, and the enzyme seems to be 

distinct from other enzymes operating on sulfhydryl-containing substrates. 

The enzyme, which was later demonstrated also in culture filtrates from 

the wood-rotting fungus Polyporus versicolor, is referred to in this paper as 

thiooxidase. 

Methods 

Cell-free culture filtrates of P. oryzae (strain No. 775) and of P. versicolor, 

prepared as described elsewhere (1), were used as the source of the enzyme. 

Activity was assayed manometrically in a Warburg apparatus at 30.4°. 

In a typical experiment, 0.5 ml. of 0.1 m DEDTC was placed in the side 

arm, 0.1 ml. each of di-n-hexylamine and 10 per cent potassium hydroxide 

together with a filter paper wick was placed in the center well, and, in the 

main compartment, 1.0 ml. of buffer (McIlvaine, pH 6.0 or 7.0), together 

with an enzyme solution and water sufficient to make a total volume of 

3.0 ml. 

Because DEDTC tends to decompose into carbon disulfide and diethyl- 
amine at even slightly acid pH, it was necessary to provide a trapping 

reagent for the volatile carbon disulfide produced. The alkaline di-n- 

hexylamine solution proved adequate at pH near 7, but in some experi- 

ments at pH 6 the evolution of carbon disulfide was so rapid that positive 
pressures resulted. To correct for this, blanks containing all the compo- 

nents except enzyme were always included. 
Sodium dimethyldithiocarbamate was prepared from dimethylamine 

hydrochloride, carbon disulfide, and sodium hydroxide. Potassium dithio- 

1093 



1094 SULFHYDRYL-OXIDIZING ENZYME 

acetate was synthesized by treating methyl magnesium iodide with car- 

bon disulfide, followed by acidification, steam distillation, and addition 

of potassium hydroxide. Potassium methyl-, ethyl-, propyl-, isopropyl-, 

butyl-, and amylxanthates were prepared by treating solutions of the 

corresponding alcohols with potassium hydroxide and carbon disulfide, 

All other reagents were obtained from commercial sources and were used 
without further purification. 

Results 

Identification of Product of DEDTC Oxidation—The most likely oxida- 

tion product of DEDTC appeared to be tetraethylthiuram disulfide 
(TETDS), according to the following reaction: 

2(C2H;)2N—C—SH + 402 — (C:H;)2.N—C—S—S—C—N(C2H;)2 + H:O 

| | 
8 8 8 

The oxidation product, which has very low solubility in water, soon 

causes the reaction mixture to become turbid and later separates in crystal- 

line form. After several hours, the crystalline yellow precipitate was 

separated by centrifugation and washed thoroughly with water. The 

product was recrystallized three times from 95 per cent ethanol. The 

infrared spectra of the purified material and of a similarly recrystallized 

authentic specimen of TETDS were identical, as were the melting points 
and mixed melting point (71—-72° uncorrected; literature value, 70°). 

The oxidation product of sodium dimethyldithiocarbamate was shown 

in the same way to be tetramethylthiuram disulfide. 

There was no evidence of formation of thiuram disulfides from the dithio- 
carbamates in the absence of enzyme or in the presence of boiled enzyme. 

The product from the enzymatic oxidation of thiophenol was obtained as 

white needles which, after recrystallization from aqueous ethanol, melted at 

59.5° (uncorrected). According to the literature, diphenyl] disulfide is a 

white compound, m.p. 61°. 

Kinetics and Stoichiometry—As shown in Fig. 1, the rate of enzymatic 

DEDTC oxidation remains constant so long as the substrate concentra- 

tion is non-limiting. In Fig. 2 is seen the direct proportionality between 
the rate of DEDTC oxidation and enzyme concentration and in Fig. 3 

the effect of substrate concentration on the rate of the reaction is shown. 
According to the equation above, 0.25 mole of oxygen is consumed per 

mole of substrate oxidized. Experimentally, only 70 to 80 per cent of the 

theoretical oxygen absorption was observed (Fig. 1), owing, presumably, 

to the concurrent non-enzymatic non-oxidative decomposition of the 

substrate. Hydrogen peroxide is not produced during the oxidation of 

DEDTC, as evidenced by the fact that added catalase did not influence 
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the oxygen consumption in the presence of enzyme preparations demon- 

strated to be catalase-free. 

Properties of Thiooxidase—The crude enzyme is quite stable at low 

temperature and may be stored for weeks at 4° without appreciable loss 
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Fig. 1. Rate of enzymatic oxidation of diethyldithiocarbamate as a function of 

time; pH 6.0. The flask contents were as described in the text. All measurements 

were corrected for non-enzymatic evolution of carbon disulfide. 
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Fig. 2. Rate of oxidation of diethyldithiocarbamate as a function of enzyme con- 

centration; pH 6.0. 

of activity. It is inactivated completely after 5 minutes at 100°. 50 

per cent acetone produces a precipitate containing most of the activity. 

Exhaustive dialysis against distilled water did not diminish activity 

of the preparations, indicating that no soluble cofactors are involved in 
the reaction. 

Because of the increasingly rapid non-enzymatic decomposition of 

DEDTC with increasing acidity, only fragmentary data were obtained as 
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to the pH dependence of the enzymatic reaction. The rate of the enzyme- 

catalyzed oxidation was considerably less at pH 7.0 than at pH 6.0 and 
too slow to be measured at pH 8.0. 

Activity is inhibited by azide, cyanide, glutathione, and cysteine, as 

shown in Table I. 

Occurrence of Thiooxidase—The enzyme has been demonstrated in 
the cell-free filtrates from cultures of the rice-blast fungus, P. oryzae, and of 

i pane 1°) ° 

_ 5 ° 4 = 400} 

& 
é 300+ . 

D 200-7 d 
aq 

@ 100 8 J 

°o 

3 oO 02 03 04 O5 
MOLAR CONCN. DIETHYLDITHIOCARBAMATE 

Fig. 3. Rate of oxidation of diethyldithiocarbamate as a function of substrate 

concentration; pH 7.0. 

TaBLeE I 

Influence of Several Heavy Metal Inhibitors on Activity of Thiooridase at pH 7.0 

Per cent inhibition 

Inhibitor | ] ] l 

1.7 X 1072 | 1.0 K 10-2 | 3.3 K 1073 /1.7 XK 10-3 |1.0 & 1073 | 3.3 xX 10-4 
| M M M M M M 

| | > 

"OURS RR aA 100 95 | sw | ss 66 | 42 
RRR ET are eee eee 96 80 56 | 38 11 0 

Ed A eee | 90 82 | 55 27 0 | 0 
Geiiee........4.:..54 8 1m) 4 | 9 0 | Oo 

| | | 

the wood-rotting fungus, P. versicolor. It occurs also in the mycelium of 

Piricularia; the Polyporus mycelium has not been investigated. 

Relation of Thiooxidase to Polyphenoloxidases—Although the phenol- 

oxidases and thiooxidase usually occur together in the culture medium, 

the sulfhydryl-oxidizing and phenol-oxidizing activities appear to belong 

to distinct enzymes. The thiooxidase is demonstrable as early as 65 

hours (Table II), whereas the laccase and metapolyphenoloxidase do not 

appear until considerably later. As the cultures age, the ratios thiooxidase- 

laccase and thiooxidase-metapolyphenoloxidase change markedly. 
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Furthermore, the several enzymes are not equally sensitive to inhibi- 

tors. Thus, 10-° m azide inhibited both laccase and metapolyphenoloxi- 

dase 50 per cent but decreased the activity of thiooxidase by only 25 per 
cent. 

Thiooxidase activity has been eliminated completely from some prepara- 

tions by fractional precipitation of the phenoloxidases with acetone and 

ammonium sulfate. 

Substrate Specificity—Besides the dialkyl] dithiocarbamates, the following 

substances were oxidized by thiooxidase: alkylxanthates (R = methyl, 

ethyl, n-propyl, isopropyl, n-butyl, or n-amyl), thioacetate, dithioacetate, 

TasBe II 

Time-Course of Appearance of Extracellular Thiooxidase, Laccase, and 
Metapolyphenoloxidase in Culture of P. oryzae 

Activity, ul. of Oz per hr. per ml. 

Age of culture Metavel Ratio, aS. 

Thiooxidase* Laccaset phontiediont 

hrs. 

65 12 0 0 0 
96 16 0 0 0 

139 320 198 67 0.62 

168 470 390 149 0.83 

240 603 605 289 1.01 

288 690 680 320 | 0.99 

* Substrate 0.0167 m sodium diethyldithiocarbamate, pH 6.0. 

+ Substrate 0.043 m hydroquinone, pH 4.0. 

t Substrate 0.086 m resorcinol, pH 7.0. 

dithiooxalate, thioglycolate, thiophenol, p-bromophenylthiopseudourea, 

2-mercaptobenzothiazole, 5-amino-2-benzimidazolethiol, thiohistidine, and 

ergothioneine. The following were not oxidized: n-butyl mercaptan, 
mercaptoethylamine, thioglycerol, mercaptosuccinic acid, cysteine, and 

glutathione. Obviously the structural requisite for oxidizability is not 
merely the possession of a sulfhydryl group. With the exception of 

thioglycolic acid, which is oxidized rather slowly, all the compounds 

which are oxidized by the enzyme possess a sulfhydryl group attached to a 

carbon atom which is linked by a double bond to another carbon, nitrogen, 
oxygen, or sulfur atom: 

—Cc— 

SH 
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DISCUSSION 

Apart from the claim of Bertrand and Gavard (2, 3), which has been 

refuted by Tissiéres (4), that cysteine is oxidized to cystine by laccase, the 

only report of direct enzymatic oxidation of sulfhydryl compounds to 

disulfides is that of Mandels (5). He described the occurrence in spores of 

Myrothecium verrucaria of an enzyme capable of oxidizing cysteine, gluta- 

thione, homocysteine, and thiophenol to the corresponding disulfides, 

This enzyme, moreover, was unaffected by cyanide, azide, and DEDTC, 

was inhibited by thioglycolate, and did not catalyze the oxidation of 

thioacetic acid. Hence it appears entirely unrelated to thiooxidase. 

The role of thiooxidase is at present entirely conjectural; it is not in- 

conceivable that it may function as a terminal oxidase. According to 

Ward (6), the slime mold Physarum polycephalum contains an atypical 

ascorbic acid oxidase which is stimulated by DEDTC and TETDS but not 

by cysteine or glutathione. He suggested that these compounds may act as 

models of some unknown carrier which functions by shuttling between the 

—SH and S—S forms. Thiooxidase might be presumed to participate in 

the oxidation and reduction of such a carrier. 

In this connection it is of considerable interest that TETDS has been 

shown recently to occur in the mushroom Coprinus atramentarius (7), 

suggesting the possibility that diethyldithiocarbamate itself may also be 

of natural occurrence. Conceivably DEDTC and TETDS might be not 

merely models in Ward’s system but the actual carriers. Enzymatic 

reduction of thiuram disulfides both by fungi and by animal tissue has been 

reported (8-11). 

The oxidizability of ergothioneine by thiooxidase suggests the possibility 

also that this compound, which is of widespread occurrence in plant and 

animal tissue but of presently unknown role, may function in such an 

oxidation system. 

SUMMARY 

Cell-free culture filtrates of Piricularia oryzae and Polyporus versicolor 

contain an enzyme which catalyzes the direct oxidation by atmospheric 

oxygen of compounds containing the structure >C—SH. Okxidizable 

substrates include dithiocarbamates, alkylxanthates, thioacetate, dithio- 

acetate, dithiooxalate, thiophenol, thioglycolate, thiohistidine, and ergo- 

thioneine, among others. The dithiocarbamates are oxidized to the 

corresponding disulfides. Butyl mercaptan, thioglycerol, cysteine, gluta- 

thione, and mercaptosuccinic acid are not oxidized. 

The new enzyme, which has been designated “thiooxidase,”’ appears to 

be distinct from previously described enzymes that effect oxidation of 

sulfhydryl compounds. 
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PORPHYRIN BIOSYNTHESIS IN ERYTHROCYTES 

I. FORMATION OF 6-AMINOLEVULINIC ACID IN ERYTHROCYTES* 

By 8. GRANICK 

(From The Rockefeller Institute for Medical Research, New York, New York) 

(Received for publication, August 21, 1957) 

On the basis of studies with duck erythrocytes (1-3), chicken erythro- 

cytes (4-10), Chlorella (11), and those to be reported here, the enzymes 

involved in porphyrin biosynthesis may be divided into three groups. The 

first group contains a number of enzymes which include those of the citric 

acid cycle. These enzymes convert glycine and succinate or derivatives 

of these compounds to 6AL.! The second group of enzymes is soluble 

and converts 6AL to COPRO’gen (10). The third group is bound to cell 

particulates and converts COPRO’gen to PROTO (12). 

This paper presents studies on whole cells and homogenates of chicken 

erythrocytes to delineate the enzymes and coenzymes that are involved 

in the synthesis of SAL. A simple and sensitive method for the determina- 

tion of protoporphyrin synthesis is described with which it was possible 

to examine a large number of substrates, inhibitors, and conditions in 

attempts to characterize the “active glycine” (13-15) and “active suc- 

cinate” (3, 13) involved in 6AL synthesis. The data obtained are also 

of interest for the information they provide on the general metabolism of 

chicken erythrocytes, z.e. the presence or absence of various enzymes and 

the coenzymes which under certain conditions become limiting. Previous 

scattered findings on materials from a number of species have been con- 

firmed and extended with this readily available material. 

The method of following porphyrin synthesis by determination of the 

PROTO synthesized is based on the finding (16) that when glycine is in- 

cubated with rabbit reticulocytes a marked increase in PROTO is observed. 

In chicken erythrocytes supplied with glycine the porphyrin synthesized 

was found to consist of about one-third newly formed heme and two- 

thirds PROTO (5). In order to investigate differential effects on por- 

phyrin synthesis prior to 6AL or steps beyond 6AL, various compounds 

* This investigation was supported in part by a research grant from the Division 

of Research Grants and Fellowships of the National Institutes of Health, United 

States Public Health Service, R.G.-4922. 
1 Abbreviations used are as follows: SAL = 5-aminolevulinate; COPRO = copro- 

porphyrin; COPRO’gen = coproporphyrinogen; PBG = porphobilinogen; PROTO 

= protoporphyrin; URO’gen = uroporphyrinogen; URO = uroporphyrin; « = 

(1/em. X mole per liter) X log Io/I; mymole = 10-® mole. 
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1102 PORPHYRIN BIOSYNTHESIS. I 

have been examined in combination with glycine as substrate on the one 

hand, and with 6AL as substrate on the other. 

Methods 

“Standard Conditions” for Preparation and Incubation of Whole Cells 

for Porphyrin Synthesis—The red cells from citrated chicken blood were 

washed twice with cold 0.25 m sucrose. The packed cells, approximately 

one-third the volume of the original blood, were suspended in an equal 

volume of a solution containing 0.07 m phosphate buffer, pH 7.5, 0.25 

sucrose, and 0.4 mg. of streptomycin per ml. For each experiment 5 ml. 

of this suspension were diluted with the designated reagents to a total 

volume of 5.6 ml., placed in a 30 ml. test tube stoppered with cotton, and 

incubated at 38° on a shaker for 15 hours. Because of the variable be- 

havior of different batches of blood, it was found useful to incubate a 

large number of tubes from the same batch; the tubes were then preserved 

at —20° for 1 to several days prior to analysis. 

Preparation of Red Cell Hemolysates by Freezing and Thawing—To 100 

ml. of packed washed red cells were added 36 ml. of sucrose (0.5 gm. per 

ml.), 80 mg. of streptomycin, and 2 ml. of salt mixture (0.06 gm. of NaCl, 

1.05 gm. of KCl, 0.016 gm. of MgSO,-7H,O per ml.). The suspension 

was rapidly frozen at —40° and then rapidly thawed. The mixture was 

diluted to 200 ml. with 0.05 m phosphate buffer, pH 7.4. The cells were 

completely hemolyzed. 

Extraction of Porphyrins—A simplification of the method of Grinstein 

and Watson (17) was used. The incubated mixture was extracted three 

times, each time with 20 ml. of ethyl acetate-acetic acid (3:1 v/v) followed 

by centrifugation. The combined extract was neutralized with sodium 

acetate and washed with water, and the porphyrin was extracted from the 

ethyl acetate layer with a total of 5 ml. of 2.5 n HCl. The aqueous acid 

solution was washed with ether and diluted to 10 ml. with ethanol. Ab- 

sorbancy was measured in the regions between 548 and 556 my or 400 and 

409 my. Only porphyrins containing four or fewer carboxyl groups are 

extracted by this procedure. Positions of absorption maxima allow dis- 

tinctions between COPRO (Amax 401, 548 my) and PROTO (Amax 409, 

556 my). For further characterization the HCl numbers and paper chro- 

matography with lutidine (18) were used. By this procedure recoveries 

from solutions containing 50 to 350 mumoles of PROTO were as follows: 

from 5 ml. of aqueous buffer, 87 + 4 per cent; from 5 ml. of a red cell sus- 

pension that had been preincubated at 38° for 15 hours, 72 + 3 per cent; 

from 5 ml. of a red cell suspension kept at 38° for 15 hours, 56 + 5 per 

cent. The PROTO used was purified by two crystallizations from formic 

acid-ethyl acetate and then from pyridine-chloroform. 
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“PROTO synthesized” designates the porphyrin mixture isolated by the 

above procedure from 2.5 ml. of packed red cells. As found by Dresel 

and Falk (5) the extracted porphyrin is PROTO with less than 10 per cent 

COPRO. The molar extinction coefficients, «, used are those of PROTO, 

1.4 X 104 at 556 my and 2.6 X 10° at 409 mu. 

Results with Whole Chicken Red Cells 

Effect of Glycine on PROTO Synthesis—With increasing glycine con- 

centration a typical saturation curve is obtained (Fig. 1) with an appar- 

ent Michaelis constant, K», of 0.02 m. From the curve of Dresel and 

Falk (4) with whole chicken blood the apparent K,, is estimated to be 

0.005 m. The total porphyrin formed at maximal glycine concentrations 

is approximately the same as that found by these authors, based on an 

6 r aiid 

5+ Pat 

PROTO 4F / 
Molesx10® 3+ 

2 bes 

1 

l ! l 1 j l 1 1 

0.02 0.06 0.10 0.14 

M glycine 

Fic. 1. Synthesis of PROTO versus glycine concentration. Incubation, 10 hours. 

Other conditions standard (see under ‘‘Methods’’). 

equal volume of cells; the difference in the shape of the curve may be due 

to components of the serum which affect or supply substrates. 

Rate of Porphyrin Synthesis—With glycine (0.07 m) and a-ketoglutarate 

(0.01 m) as substrates, the rate curve shows an induction period of about 

2 hours and then is constant over a period of 18 hours in this case (Fig. 2). 

The absorption maxima of the porphyrin isolated were those of PROTO 

even after 2 hours incubation. The effect of increasing the temperature 

from 32-38° is very marked, corresponding to a Qio = 10 in this range 

(Fig. 3). Whether this is due to a permeability effect, e.g. as a result of 

the melting of a lipide phase in the membrane, or to the activation of 

several rate-limiting processes will require further experiments to decide. 

At 45° the synthesis stopped after 8 hours although the red cells were 

not appreciably hemolyzed at this time. 

Effect of Various Amino Derivatives Related to Glycine—For porphyrin 

synthesis only glycylglycine and ethyl glycinate could replace glycine 
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presumably by enzymic hydrolysis to glycine (Table I). Acetylglycine 
and synthetic 6-alanine were slightly active. The following compounds 

24 

22r 

20+ 

18+ Air 

16F 

14+ 
PROTO 

Moles x108 
10+ 

¥ j + 
r r 
aie co _— 

0 24 6 8 10 12 14 16 18 
Hours 

Fie. 2. Rate of PROTO synthesis. Substrates: 0.07 m glycine plus 0.01 m a-keto- 
glutarate. Incubation in air and in CO. Other conditions standard. 

8 

6F 
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14.0 

10.5 

PROTO 

Moles x10® 71.0 

1 i J l l I l 

2 4 6 8 10 12 14 16 

Hours 

Fia. 3. Effect of temperature of incubation on PROTO synthesized. Substrates: 
0.07 m glycine plus 0.01 m a-ketoglutarate. Other conditions standard. 

at 0.02 to 0.075 m were inactive (6.3 to 7.9 mumoles of porphyrin) : diketo- 
piperazine, hippuric acid, methylamine, N-methylglycine, betaine, creatine, 
creatinine, L-cysteine, L-serine, L-proline, L-glutamine, L-alanine. Casein 
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hydrolysate, although added in an amount sufficient to give a glycine 

concentration of 0.01 mM, showed only slight activity which suggested that 

the presence of other amino acids might interfere with the synthesis of 

PROTO from glycine. The following amino acids were found to inhibit 

TABLE I 

Effect of Some Amino Derivatives Related to Glycine on Porphyrin Synthesis 

Substrates were 0.01 M a-ketoglutarate plus the N compound. Other conditions 

were standard. 

N compound Concentration Porphyrin 

; a mumeles 
IE EOE ETE TI 0.075 11.8 

Casein hydrolysate. ............... (0.13 gm.) 8.7 

EET POO ee ee 0.045 8.7 
NS oc Seas Sasi paawks eae 0.038 11.4 

Glycine ethyl ester................ 0.057 49.3 
ons s sib acne savas ened 0.037 66.5 

loc (asia ini win iioi Oise as 0.075 108 

TaBLeE II 

Inhibition of PROTO Synthesis by Certain Amino Acids 

Substrates were 0.035 m glycine plus 0.01 mM a-ketoglutarate plus the amino 

acid in the concentration shown. Other conditions were standard. 

Amino acid Concentration Yield of PROTO 

M per cent of maximum 

L-Cysteine 0.035 5 

0.0087 43 

0.0043 75 

L-Serine 0.035 52 

0.017 75 

0.0087 85 
L-Arginine 0.035 56 

L-Proline 0.035 64 

0.017 80 
L-Alanine 0.035 70 

0.017 79 

PROTO synthesis: L-cysteine > L-serine > L-arginine > L-proline > L- 

alanine (Table II). These amino acids did not inhibit PROTO synthesis 

when SAL was used as substrate. Therefore these amino acids inhibit 

some reaction prior to condensation of 6AL to PBG. .L-Aspartic acid, 

L-asparagine, .L-glutamate, t-threonine, and pt-valine did not affect 

PROTO synthesis at concentrations of 0.035 M. 

Effect of Citric Acid Cycle Substrates and Related Compounds—The exist- 
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ence of a complete citric acid cycle in duck erythrocytes was shown by 

the labeling experiments of Shemin and Kumin (3, 19) and of Wriston, Lack, 

and Shemin (20) and by metabolism experiments on chicken erythrocytes 
by Rubinstein and Denstedt (21). 

To obtain further information on this cycle a number of compounds 

were tested for their effect on PROTO synthesis. In the absence of gly- 

cine none of the members of the citric acid cycle was found to enhance 

PROTO formation above that of the blank (7.9 mumoles of PROTO). 

Glycine appears to be the limiting substrate. In the presence of glycine 

all members of the citric acid cycle at concentrations of 0.01 m with the 

TaB.e III 

Effect of Some Carborylic Acids on PROTO Synthesis 
in Presence of 0.07 mu Glycine 

Other conditions were standard. 

| mymoles PROTO formed 

Compound (0.01 m) — 

Cells of ist batch | Cells of 2nd batch 

ES cadre wuria tric eq tans Siac aids wierd 58.0 34 

RI Sto el ale oa etn y enka Sied 68.5 

a-Ketoglutarate ................. ; 73.0 102 

Succinate....... De caetre a3 54 71.0 | 96 
I oo er th di p's cia Shaw Ses 86.8 | 100 

rere ls Stig ie. a Se eens, Rad 71.8 103 
Ee ee re Dare 39.4 
IE oh N05 Wil tin qra's:c-bi,4 sisianw ais 34.6 
ee 33.0 
Se ae | 

frans-Aconitate ..............0.000- 7.5 | 

exception of oxalacetate were found to enhance PROTO formation. Ac- 

cording to the batch of cells used the increase of porphyrin synthesis 

ranged from 30 to 300 per cent (Table III). The variability probably 

reflects the cell’s own content of members of the citric acid cycle. The 

concentration of a-ketoglutarate or of succinate which resulted in a max- 

imal yield of PROTO was about 5 X 10-* m (Fig. 4). No effect was ob- 

served with acetate, L-glutamate, L-glutamine, L-aspartate, L-asparagine, 

or with L-tartrate at 0.01 M. 

trans-Aconitate, an inhibitor of aconitase (22), and maleate were both 

found to be markedly inhibitory at 0.01 m (Table III). Both pyruvate 

and a-ketobutyrate at 0.01 mM decreased PROTO formation by 40 per 

cent. Since added oxalacetate decomposes to pyruvate, this may account 

for its inhibition. Shemin et al. (23) have also observed inhibition with 
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uvate. Neither trans-aconitate, maleate, nor pyruvate inhibited the 

un version of 6AL to porphyrin; therefore, they act at a stage prior to 

sAL. The inhibition by 0.01 m pyruvate or a-ketobutyrate could be com- 

»otely overcome by 0.005 m a-ketoglutarate. 

. ‘Effect of Inhibitors Malonate, Arsenite, and Fluoroacetate—To localize 

‘he step in the formation of “active succinate” the action of some inhibi- 

ors was examined. Malonate inhibition of heme synthesis in duck eryth- 

rocytes was studied by Shemin and Kumin (3) with methylene- and car- 

boxyl-labeled succinate; they found that in 0.02 m malonate, ‘active 

succinate” could be formed without going around the citric acid cycle to 

18F &-ketoglutarate 

OF 

ut / 
+ . 

12+ pen en 
+t. PROTO ,, 

Moles * 10® 
8 

on b > . 7 

i i i i 
0.005 0.01 0.015 0.02 

M 

Fic. 4. Effect of increasing concentrations of a-ketoglutarate or of succinate on 

PROTO synthesis. Substrates: 0.07 m glycine plus indicated concentrations of 

a-ketoglutarate or succinate. Other conditions standard. 

a-ketoglutarate, since the yield of labeled heme from methylene-labeled 

uccinate in the presence of malonate was one-third that obtained in its 

s4@ence. It was thus postulated that active succinate could be formed 

‘om either a-ketoglutarate or succinate. 

In the present experiments with chicken erythrocytes incubated with 

glycine, 0.01 m malonate depressed PROTO formation to 10 per cent of 

ihe control. Addition of members of the citric acid cycle at 0.01 m par- 

tially.overcame the malonate inhibition. oa-Ketoglutarate increased the 

yield to 15 per cent of the control, succinate to 20 per cent, fumarate to 

35 per cent, and malate to 50 per cent. Malonate did not inhibit the 

vonversion of AL to PROTO; therefore, malonate inhibits steps prior 

t¢6AL. The malonate inhibition curves are shown in Fig. 5, Curves D. 

Te almost complete inhibition by malonate of PROTO synthesis in the 
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presence of a-ketoglutarate and glycine suggests that malonate may not 

only inhibit succinic dehydrogenase but may also combine with coenzyme 

A (24). Fluoroacetate inhibited PROTO formation from glycine even 

in the presence of a-ketoglutarate or succinate (Fig. 5, Curves C) or citrate, 

but did not do so with 6AL as substrate. Fluoroacetate inhibition of 

the citric acid cycle has been explained on the basis that fluorocitrate is 

formed which poisons aconitase (25). The low slope of the curve may be 

due to an induction period required to form fluorocitrate. Arsenite in- 

hibited PROTO formation from glycine and members of the citric acid 

cycle but notfroméAL. The tailing of the curve forarsenite inhibition in the 

Glycine + & ketoglutarate Glycine + succinate 

100; 
t™~S 

80 5 

PROTO 4 

Moles « 10? 

40 
PB} 

20+ 

— de 

ra ee 
l = L 

-5 -4 “3 3 | 

Fig. 5. Inhibitors of PROTO synthesis. Substrates: (left side) 0.07 m glycine 
plus 0.01 M a-ketoglutarate or (right side) 0.07 m glycine plus 0.01 m succinate, plus 
inhibitors at the indicated concentrations. Other conditions standard. The un- 

marked curves represent a simple reversible enzyme inhibition. Inhibitor curves: 
A, arsenite; B, dinitrophenol; C, fluoroacetate; D, malonate. 

case of succinate (Fig. 5, Curves A) as compared to that of a-ketoglutarate 

may indicate a path for succinate activation independent of a-ketoglutar- 

ate. Arsenite is thought to inhibit a-keto acid oxidation by combining 

with lipoie acid. 

Effect of O2 and Dinitrophenol—Dresel and Falk (5) reported inhibition 

of porphyrin formation under N». In the present experiments porphyrin 

formation was inhibited completely by CO when glycine plus a-keto- 

glutarate, succinate, or fumarate was the added substrate. Since the 

conversion of AL to COPRO’gen proceeds in the absence of Oz (26), it 

is the formation of SAL which requires aerobic conditions. Dinitrophenol 

was found to inhibit when either succinate or a-ketoglutarate was th 

substrate (Fig. 5, Curves B). The inhibition curves follow that of 4 
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reversible enzyme-inhibition curve. Dinitrophenol did not inhibit the 

conversion of AL to PROTO. Dresel and Falk (5) have also observed 

the inhibition of porphyrin synthesis by dinitrophenol. These results 

suggest that ATP may be necessary for 6AL formation but not for steps 

beyond 6AL. 
Other Inhibitors—The inhibition of porphyrin synthesis by a number 

of other compounds is given in Tables IV and V. The inhibition by 10~* 

M azaserine was unaffected by 10-* m pyridoxal phosphate, 0.02 m trypto- 

TABLE IV 

Other Inhibitors of PROTO Synthesis 

Substrates were 0.07 m glycine plus 0.01 mM a-ketoglutarate. Other conditions 

were standard. 

Compound | ——- PROTO Compound ae | PROTO 

« Foto e foaen 
Na.SO; 0.05 8 Tryptamine 0.005 | 70 

0.01 14 Indoleacetate 0.01 | 18 

0.005 48 0.005 56 

CuSO, 0.001 40 Dimedon 0.001 87 

CoCl: 0.001 50 Hydroxylamine 0.01 11 
HgCl. 0.001 | 73 0.001 77 
a,a’-Dipyridyl 0.01 90 Formaldehyde 0.005 85 

o-Phenanthroline 0.001 44 Azaserine 0.001 40 

NaF 0.01 61 Isonicotinic hydrazide | 0.001 50 
0.001 | 100 Aminopterin 0.0005 80 

Iodoacetamide 0.01 37 A-Methopterin 0.0005 | 100 
0.001 85 Benzimidazole 0.002 | 63 

p-Chloromercuribenzo- | 0.001 | 100 2-Ethyl-5-methylben- | 0.002 100 

ate zimidazole 

Levulinate 0.005 58 5,6-Dichloro-1-d-ribo- | 0.006 100 

Benzedrine sulfate | 0.002 65 furanosylbenzimidaz- | 

| ole | 

phan, or 0.02 m phenylalanine. However, glutamine partially overcame 

the inhibition (Fig. 6). Azaserine has been found to act as a glutamine 

antagonist in the formation of formylglycine amidine ribotide (27, 28). 

Azaserine did not inhibit SAL conversion to porphyrin. Isonicotinic 

hydrazide is inhibitory as found by Larsen and Orten (29). Incubation 

with isonicotinic hydrazide led to the formation of a pale green pigment 

with a diffuse absorption spectrum which could be extracted from ethyl 

acetate with 2 N HCl. The inhibition by 10 M isonicotinic hydrazide 

could be overcome by 10~‘ m pyridoxal phosphate. Isonicotinic hydrazide 

inactivates pyridoxal phosphate enzymes (30). 
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The requirement of pyridoxal phosphate for 6AL synthesis by duck 
red cells was established by Schulman and Richert (31). Inhibitor ex- 

PORPHYRIN BIOSYNTHESIS. I 

TABLE V 

Inhibition of PROTO Synthesis by Deozypyridozine and 
Reversal by Pyridozal Phosphate 

Substrates were 0.07 m glycine plus 0.01 m a-ketoglutarate. 
were standard. 

Other conditions 

a 

Deoxypyridoxine Pyridoxal-5-PO, PROTO 

m X 105 mM X 105 | mumoles 

0 | 170 

5 130 

25 120 

50 97 
100 83 

200 25 

100 50 | 170 
100 25 | 160 
100 5 130 

10 

8 

PROTO 

Moles x 108 a 

Fig. 6. Inhibition of PROTO synthesis by azaserine and reversal by glutamine. 
Curve A, substrates: 0.07 m glycine plus 0.01 m a-ketoglutarate plus azaserine at 
the indicated concentrations. Curve B, substrates: the same as Curve A plus 0.01 M 

4 

i | i i 1 

-4.0 —3.5 -3.0 -2.5 -2.0 

log M azaserine 

glutamine. Other conditions standard. 

periments with normal and hemolyzed chicken red cells confirm this result. 
Deoxypyridoxine inhibited porphyrin synthesis by 50 per cent at 10-* m; 
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approximately 5 X 10-5 m pyridoxal 5-phosphate could reverse this in- 

hibition (Table V). With 6AL or PBG as substrate, porphyrin synthesis 

was not inhibited even by 5 X 10-* m deoxypyridoxine. Compounds 

related to pyridoxal phosphate were also tested with glycine and a-keto- 

glutarate as substrates. At 5 X 10-* m pyridoxamine was not inhibitory 

but pyridoxal decreased the PROTO yield by 34 per cent and pyridoxine 

by 17 per cent. Pyridoxal (5 X 10~* Mm) or 10~ m pyridoxine could over- 

come the inhibition of 10-* m deoxypyridoxine; higher concentrations of 

pyridoxal or pyridoxine were less effective because they themselves be- 

came inhibitory. 

Benzimidazole derivatives such as 2-ethyl-5-methylbenzimidazole have 

been reported (32) to inhibit incorporation of N'®-glycine into the heme of 

chicken red cells. Related compounds have been found to inhibit virus 

multiplication. Of the three benzimidazole compounds tested (Table IV) 

only benzimidazole itself was found to inhibit PROTO synthesis. The 

following compounds had no observable effect: 3 X 10-4 m thyroxine, 10-° 

mM pantothenate, 10-* m inositol, 5 X 10-* m Chloromycetin, 5 X 10-* m 

histamine. 

Results with Hemolyzed Chicken Red Cells 

This section includes studies on methods of hemolysis designed to retain 

some porphyrin-synthesizing ability. The method of choice proved to 

be freezing and thawing the cells. A standard preparation of frozen and 

thawed cells as described under ‘‘Methods’” was used to examine con- 

ditions for reactivating the system which carries out PROTO synthesis. 

Decrease in Porphyrin Synthesis on Hemolysis—When packed cells, 

previously washed with isotonic sucrose, were diluted with varying vol- 

umes of water, the results shown in Table VI were obtained. 3 volumes of 

water were required to hemolyze all the cells in 10 minutes. When packed 

cells were frozen and thawed once, all the cells were hemolyzed. The 

addition of the salt mixture prevents the nuclei from breaking down and 

forming a viscous gel in the hemolysate. The activity of this hemolysate 

for PROTO synthesis in the presence of 0.07 m glycine as added substrate 

was about 20 per cent of that of an unhemolyzed control. This hemolysis 

method gave more reproducible results than hemolysis with water. Cells 

hemolyzed with ether or by ultrasonic vibrations had negligible activity. 

Partial damage to red cell permeability may be brought about with 

digitonin. 1 mg. of digitonin per 5.6 ml. of cell suspension gave about 

50 per cent hemolysis by the end of the incubation period and decreased 

the PROTO yield to 72 per cent when glycine (0.07 m) plus a-ketoglutarate 

(0.01 m) were the substrates; with 2 mg. of digitonin (75 per cent hemol- 

ysis) the yield was 58 per cent, and with 4 mg. (100 per cent hemolysis) 
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33 per cent. Incubation in the presence of 1 mg. of digitonin resulted in 

a 3-fold increase of porphyrin from 6AL or PBG compared to controls 
without digitonin. 

The above results indicate that steps in the synthesis from glycine to 

6AL may require coenzymes which become diluted out on damage to the 

cell membrane, or may require enzymes which are readily damaged on 

cell hemolysis; whereas steps of porphyrin synthesis from 6AL to PROTO 

are not critically damaged by hemolysis. A permeability barrier to 5AL 

and PBG is also evident. 

TaBLe VI 

Effect of Hemolysis with Water on PROTO Synthesis 

Washed packed cells were diluted with different volumes of water. After 10 
minutes at 25°, 2.5 ml. of sucrose containing M/15 phosphate buffer, pH 7.4, were 

added to 2.5 ml. of the mixture to make the preparation isotonic with respect to 

sucrose. Substrates were 0.07 m glycine plus 0.01 mM a-ketoglutarate. Incubation 
and other conditions were standard. The yield of protoporphyrin was calculated 
on the basis of 2.5 ml. of packed cells. 

Ratio, votame packed cells Protoporphyrin 

moles X 108 

Unhemolyzed control minus substrates 0.20 
” a - 12.5 

1:1 8.88 

1:2 1.07 
1:3 0.87 

1:4 0.59 

Enhancement of PROTO Synthesis by Substances Incubated with Hemoly- 

sates of Frozen and Thawed Cells—Dresel and Falk (4) reported that an 

extract of boiled bakers’ yeast increased porphyrin synthesis of hemolyzed 

chicken red cells up to 6-fold. Shemin and Kumin (3) found that a boiled 

liver extract, or Armour’s coenzyme A concentrate, enhanced heme syn- 

thesis by hemolyzed duck red cells; they considered that this effect was 

possible evidence for the participation of succinyl coenzyme A in heme 

synthesis. 

Many substrates and coenzymes were tested on frozen and thawed 

hemolysates of chicken red cells for their effect on porphyrin synthesis. 

The cell preparations varied in activity over a 2-fold range, and only results 

from the same batch are comparable. In general, glycine was required 

for any observable increase in PROTO synthesis. Members of the citric 

acid cycle did not affect PROTO formation. An increase in PROTO 

synthesis depended on the simultaneous presence of certain compounds. 
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din | For example, inosine and glutamine enhanced the yield only when added 

trols | together and then only if glycine and pyridoxal phosphate had also been 

added. The order of additions which gave progressive increases in por- 
€ to | phyrin is as follows: 0.07 m glycine, 5 X 10~* m pyridoxal phosphate, 1 X 

the | 10-4 m coenzyme A, 5 X 10~ m diphosphopyridine nucleotide, 5 X 10-* m 

L on glutamine, and 5 X 10-* Mm inosine. The PROTO formed on aerobic in- 

TO | cubation of 5 ml. of the hemolysate for 15 hours at 38° was 4 mumoles 

6AL | without added substrates and 23 mumoles with all the above substrates. 

The yield with added substrates was 35 per cent of the PROTO yield ob- 

tained with non-hemolyzed cells incubated with glycine. 

50 

r 10 + 

were wr 

t to 40; Pa 
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30+ ft 

— PROTO + 
mu moles if " 

S 20 / 
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| 1 4 

10 20 30 40 
Eluate fraction, mg. 

Fic. 7. PROTO synthesis by 5 ml. of frozen and thawed chicken red cell hemo- 

lysate. Substrates: 0.07 m glycine, 5 X 10-4‘ m pyridoxal phosphate, and fraction 

pe from pig liver. Aerobic incubation for 15 hours at 38°. 

zed An increase of PROTO to 63 per cent of that obtained with intact cells 

led incubated with glycine was obtained with frozen and thawed cells incubated 

best with the following mixture: 26 mg. of glycine, 0.5 mg. of pyridoxal phos- 

aan phate, 0.3 mg. of coenzyme A, 5.0 mg. of glutamine, 2 mg. of ribose 5-phos- 

me phate, 2 mg. of diphosphopyridine nucleotide, 1 mg. of adenosine triphos- 

phate, 0.5 mg. each of uridine and guanosine triphosphates, and uridine, 

ed adenosine, guanosine, and cytidine diphosphates, 0.6 mg. of cytochrome 

- c, 1.0 mg. of diphosphopyridine nucleotide cytochrome c reductase, and a 

a phosphate buffer (pH 7) extract from 1 mg. of acetone powder of pigeon 

; liver. 

_ From pig liver a fraction has been isolated which, when incubated with a 

‘0 frozen and thawed red cell hemolysate together with glycine and pyridoxal 

ls. phosphate, gives a maximal yield of PROTO equivalent to 80 per cent of 

XUM 
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that of non-hemolyzed red cells incubated with glycine. Ground pig liver 

was deproteinized with 0.6 N perchloric acid; the extract was adjusted to 

pH 3, adsorbed on acid-washed Nuchar, and eluted with acetone-ammonia 

(33). The eluate fraction, pH 4 to 5, had most of the activity. Incubation 

of the hemolysate with this fraction gave a progressive increase in PROTO 

over a period of 15 hours. Dinitrophenol or arsenite at 10-* m completely 

inhibited the synthesis. The hemolysate alone formed 8 myumoles of 

PROTO, with added glycine it formed 11.5 mymoles, and with further 

addition of pyridoxal phosphate and the liver fraction it formed a maxi- 

mum of 46 mumoles of PROTO (Fig. 7). 

Particulate cell components are required for porphyrin synthesis from 

glycine. When frozen and thawed solutions of red cells were centrifuged 

for 1 hour at 20,000 X g, the supernatant solution, incubated together 

with glycine, pyridoxal phosphate, and the liver fraction, did not form 

porphyrin. 

DISCUSSION 

The present studies confirm and extend the work of other investigators, 

suggesting that the synthesis of 6AL from glycine (Fig. 8) requires an 

electron transfer system to Os, coupled with oxidative phosphorylation 

to form ATP, a citric acid cycle system to form active succinate, pyridoxal 

phosphate, and glutamine. The cofactors which have been found to 

enhance 5AL synthesis in red cell homogenates are pyridoxal phosphate, 

coenzyme A, diphosphopyridine nucleotide, and, in addition, some factors 

that are present in protein-free liver extracts and which are in part re- 

placeable by a mixture of known compounds. The electron transport 

system, oxidative phosphorylation, and the citric acid enzymes are known 

to be constituents of mitochondria. Centrifugation studies indicate that 

insoluble cell components are involved in SAL synthesis. One may there- 

fore consider that mitochondria are active in AL synthesis. 

The requirement of vitamin Bg, in the production of normal red cells 

was clearly demonstrated by the work of Wintrobe (34) who found that 

pigs deficient in vitamin Bg produced small pale red cells deficient in heme 

and with a low content of free protoporphyrin. The low heme and por- 

phyrin are due to a pyridoxal phosphate requirement for 6AL synthesis. 

A reasonable mechanism is the formation of a Schiff base between glycine 

or a derivative and pyridoxal phosphate, thus activating the methylene 

group to condense with “active succinate.”” The smallness of the cells 

indicates that their protein content is low possibly because pyridoxal 

phosphate was lacking to bring about transaminations which are required 

for globin synthesis. 

Synthesis of SAL was found to be inhibited by azaserine and overcome 

by glu 

thesis. 
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by glutamine. This fact suggests that glutamine is involved in 6AL syn- 

thesis. Whether “active glycine” may be represented by a glycine inter- 

mediate of purine biosynthesis remains for study. 

Control mechanisms which may be involved in 6AL synthesis are sug- 

gested by the inhibitory effects shown by certain amino and keto acids. It 

is probable that the inhibition by cysteine, serine, etc., is not due to a com- 

petition for pyridoxal phosphate since aspartate and glutamate do not in- 

hibit. Conceivably a partial block to AL is removed when these amino 

acids reach a low concentration in the cell relative to glycine. Thus in 

Glycine Pyridoxal - P04 
+ + Giutamine ~--> OAL 

Active succinate Liver factors 

succinate O2 

Vv | CoASH * 
Lipoic hae . ~ PO, 
TPP So. . | FAD 

a-ketoglutarate DPNH 

Portion of Electron 

citric acid transfer 
cycle system 

Fic. 8. Summary of the enzyme systems and factors that may be required for 

sAL synthesis from glycine and succinate, where GDP = guanosine diphosphate; 

CoASH = coenzyme A; TPP = thiamine pyrophosphate; FAD = flavin adenine 
dinucleotide; DPNH = reduced diphosphopyridine nucleotide; CYT = cytochrome; 

~PO, = high energy phosphate. 

erythroblasts during rapid globin synthesis such amino acids might diminish 

toa level which permits rapid AL synthesis. The result would be a cou- 

pling of globin with heme synthesis. Likewise, in certain Chlorella mutants 

(35) and in a strain of Tetrahymena (36) which synthesize PROTO, this pig- 

ment is found to accumulate most rapidly toward the end of the phase of 

rapid cell multiplication when protein synthesis has depleted the nitrogen 

supply of the medium. Pyruvate is an inhibitor of SAL synthesis. She- 

min et al. (23) have suggested that pyruvate might compete with active 

succinate for glycine to form amino acetone. Since a-ketobutyrate was 

found to be as effective an inhibitor of SAL synthesis as was pyruvate, the 

suggested reaction is perhaps more general and includes the condensation 

of active glycine with a number of a-keto acids. However, competition 
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between these a-keto acids and a-ketoglutarate for coenzymes is also possi- 
ble. 

The conversion of 6AL to PROTO is inhibited neither by cyanide nor 

by dinitrophenol. These results suggest that, although O, is required for 

COPRO’gen conversion to PROTO, oxidation through cytochrome ox- 

idase and oxidative phosphorylation is not necessary for these latter steps. 

The addition of a number of compounds to frozen and thawed red cell 

hemolysates permits continued synthesis of PROTO for 15 hours or longer. 

This result suggests that such compounds may be useful for the preserva- 

tion of red cell metabolism during storage. 

We wish to acknowledge our gratitude to Mrs. Annabelle Long and Mr. 

William Cumming for skilful technical assistance, to Dr. D. Mauzerall for 

advice, to Dr. K. Folkers of Merck and Company, Inc., for samples of 

benzimidazole compounds, and to Dr. Martin Black of Parke, Davis and 

Company for a sample of azaserine. 

SUMMARY 

1. A rapid method is described for the determination of protoporphyrin 

synthesis by chicken red cells and hemolysates. 

2. Synthesis of 6-aminolevulinic acid was found to require at least a 

portion of the citric acid cycle with its coenzymes, an oxidative phospho- 

rylating system, pyridoxal phosphate, and glutamine. 

3. Various inhibitors of 6-aminolevulinic acid including certain amino 

and keto acids have been examined and explanations are offered for their 

action. 

4. The simultaneous addition of a relatively large number of substances 

increased protoporphyrin synthesis in frozen and thawed chicken red cells 
up to 80 per cent of that of unhemolyzed cells. 

Addendum—Recently both Gibson, Laver, and Neuberger (37) and Shemin, Ki- 
kuchi, and Bachmann (38) have reported the synthesis of 5-aminolevulinic acid from 

glycine, succinyl coenzyme A, and pyridoxal phosphate with preparations of anemic 

chicken erythrocytes and Rhodopseudomonas spheroides respectively. We have 

found that 6-diazo-5-oxo-nor-L-leucine does not inhibit AL synthesis under condi- 
tions where azaserine did. 
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PORPHYRIN BIOSYNTHESIS IN ERYTHROCYTES 

II. ENZYMES CONVERTING 6-AMINOLEVULINIC ACID 
TO COPROPORPHYRINOGEN* 

By 8S. GRANICK anp D. MAUZERALL 

(From The Rockefeller Institute for Medical Research, New York, New York) 

(Received for publication, August 21, 1957) 

Soluble enzyme preparations which convert AL! or PBG to porphyrins 

have been obtained from a number of different animal and plant cells such 

as duck erythrocytes (1-3), chicken erythrocytes (4-6), Chlorella (7), and 

spinach (8). The enzymic conversion of AL to PBG has been studied by 

Gibson, Neuberger, and Scott (9-11), by Granick (12), and by Schmid 

and Shemin (3). The enzymic conversion of PBG to URO’gen has been 

studied by Bogorad (8). 

In this paper a method is described for the separation of three soluble 

enzyme fractions from red cells by zone electrophoresis. One enzyme frac- 

tion converts AL to PBG (6AL-ase), another converts PBG to URO’gen 

III (PBG-ase), and a third fraction converts URO’gen to COPRO’gen 

(UD-ase). Some properties of the enzymes contained in these fractions 

will be discussed. A bulk method for the isolation of 5AL-ase from chicken 

erythrocytes is also described. In the following paper additional proper- 

ties of the enzyme fraction containing UD-ase will be considered. 

EXPERIMENTAL 

Compounds and Reagents Used—éAL was prepared by the pthalimide 

synthesis according to the procedure of Dr. J. Dice (personal communica- 

tion). A generous sample was also obtained from Parke, Davis and Com- 

pany. PBG was obtained from the urine of patients with acute porphyria 

and was purified by the method of Cookson and Rimington (13). Samples 

* This is Paper IT of a series on enzymes in porphyrin biosynthesis. This investi- 

gation was supported in part by a research grant from the Division of Research 

Grants and Fellowships of the National Institutes of Health, United States Public 

Health Service, No. R.G.-4922. 

1 Abbreviations used are as follows: AL = 6-aminolevulinic acid; PBG = porpho- 
bilinogen; URO = uroporphyrin; URO’gen III = uroporphyrinogen isomer III; 
COPRO = coproporphyrin; COPRO’gen = coproporphyrinogen; 5AL-ase = en- 
zyme that converts AL to PBG; PBG-ase = enzyme that converts PBG to URO’gen; 

UD-ase = enzyme that converts URO’gen to COPRO’gen; supernatant fluid = super- 

natant solution obtained from red cells by centrifugation of the hemolyzed cells; 

Tris = tris(hydroxymethyl)aminomethane; GSH = reduced glutathione; TCA = 

trichloroacetic acid; EDTA = ethylenediaminetetraacetic acid; '/2 = ionic strength. 
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of natural URO and COPRO isomers were obtained from Professor C, 

Rimington. Synthetic samples of URO isomers were obtained from Dr. 

S. F. MacDonald. Bovine serum albumin was Armour’s fraction YV., 

Evans blue albumin marker was prepared by dissolving crystalline 

Armour’s bovine albumin and 3 mg. of Evans blue dye in 5 ml. of Tris 

buffer, T'/2 = 0.05, pH 7.65. 

Electrophoretic Separation of Enzymes 

The general method of separation is described for rabbit reticulocytes. 

These were obtained by injecting each of four rabbits intraperitoneally 

with 60 mg. of acetylphenylhydrazine dissolved in 10 ml. of isotonic saline. 

After 6 days, the two rabbits with the highest reticulocyte count (30 and 

35 per cent) were bled from the heart. 5 ml. of 0.5 per cent heparin were 

used to prevent the clotting of 75 ml. of blood. The cells were washed by 

centrifugation in the cold room first with saline-citrate (100 ml. of 0.9 

per cent NaCl plus 2 ml. of 10 per cent sodium citrate) and then twice with 

0.25 m sucrose. A total of 50 ml. of packed cells was obtained. The 

packed cells were hemolyzed by shaking with 8 ml. of ether. After 5 

minutes most of the ether was removed in vacuo. The hemolyzed mate- 

rial was centrifuged for 1 hour at 14,000 X g, yielding 40 ml. of supernatant 

solution. 

The method of Kunkel (14) of zone electrophoresis on starch was used 

for the separation of enzymes contained in the supernatant fluid. The 

following modifications were found effective for large scale separation of 
material and the partial protection of enzyme activities. 

Two starch plates were run simultaneously in parallel by means of a 

power unit containing a 1000 volt, 250 ma. transformer. Potato starch 

placed on a Biichner funnel was first washed with Tris buffer, pH 7.65, 

r'/2 = 0.05. When semi-dry, the starch was mixed with 1 liter of 0.25 

per cent bovine albumin dissolved in the same buffer and aspirated until 
no foaming was observed. The starch was mixed with the buffer and 

formed into two starch plates, each 2 cm. thick, 20 em. wide, and 45 cm. 

long. 
Two streaks of supernatant fluid were now applied to each starch plate 

at 7 cm. and 26 cm. distance from the cathode end (Fig. 1, origin). Each 

streak contained 7.5 ml. of supernatant fluid; thus a total of 30 ml. could 

be fractionated simultaneously. The electrophoresis was run at 90 ma., 

270 volts, for 27 hours at 5°. The potential drop across the starch plate 

was 3.1 volts per cm. 

To observe the rate and uniformity of migration on the two starch plates, 

hemoglobin and Evans blue albumin were used as markers. At the end 

of the run the two hemoglobin streaks were 2 to 6 cm. and 20 to 25 cm. 
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distant from the cathode end. The Evans blue albumin spots were 19 + 

1 cm. and 38 + 1 ecm. distant from the cathode side, i.e. the mobility was 

about 0.15 cm.? hour volt. 

After electrophoresis the two starch plates were cut into 2 cm. wide seg- 

ments, and identical segments of the two plates were combined and eluted 

with 40 ml. or more of 0.05 m Tris buffer. The eluates may be concen- 

Origin . a 

Log mg. 3F 

protein 
2 

ir 

PBG-ase 75 

5D 

25 

UD-ase 

0.3- 

0.2- 

O1F 

OAL-ase F 

~w sb OD @® 

T 

oom 8 0 5 20 2% 0 3 40 

Fic. 1. Electrophoretic separation on starch of supernatant fluid from rabbit 

reticulocytes (see the procedure described in the text). The figures represent the 

total protein and total activity of eluates from 2 em. wide segments of two identical 

starch plates. 5AL-ase activity is expressed as micromoles of PBG formed, PBG-ase 
activity as micromoles of PBG converted, and UD-ase activity as micromoles of 

COPRO’gen formed, all per hour per fraction. 

trated 10- to 20-fold by filtration at 5° through Schleicher and Schiill col- 

lodion bag ultrafilters. An eluate containing the rabbit 5AL-ase was found 

to retain over 85 per cent of its activity when concentrated over 20-fold in 

this manner. Enzyme activities and protein concentrations were deter- 

mined on aliquots of the eluates. Protein concentration was determined 

by the colorimetric procedure of Lowry et al. (15) and referred to a stand- 

ard of crystalline bovine albumin. Methods for the determination of en- 

zyme activities are considered in the experimental sections devoted to the 

particular enzymes. 
The recovery of 6AL-ase activity from the starch after electrophoresis 
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was increased from 48 up to 69 per cent when the starch was prewashed 

with bovine albumin, and from 8 up to 36 per cent in large scale (i.e. bulk) 
preparations. 

Separation of Three Enzyme Fractions by Zone Electrophoresis—When the 

supernatant solutions of red cell hemolysates were subjected to zone electro- 

phoresis, the main component, hemoglobin, migrated towards the cathode, 

whereas three colorless enzyme fractions concerned with porphyrin syn- 

thesis migrated towards the anode. One fraction converted 5AL to PBG, 

another converted PBG to URO’gen, and the third converted URO’gen 

to COPRO’gen. The enzyme fractions have been isolated from super- 

Log mg, 3 : 
protein Rcocmal Origin 

2h 

4b 

UD-ase 9 I 

0.05+ [4. 
PBG-ase_ [ 

oz 

O1F a 

eAL-ase + 
0: 7 

*F Ah 
Cm 5 0 %& 0 8 3% 3 

eo ® 
Fic. 2. Electrophoretic separation on starch of supernatant fluid from chicken 

erythrocytes. One streak of 5 ml. was applied to one plate at the origin. The run 
was made in phosphate buffer, pH 6.9, 1/2 = 0.13, at 80 ma., 300 volts, for 19 hours 

at 5°. The figures represent the total protein and total activity of SAL-ase, PBG-ase, 
and UD-ase (see the legend to Fig. 1) per 2 em. wide segment. 

natant solutions of rabbit reticulocytes, of erythrocytes of the chicken (va- 

riety Plymouth Rock), and of immature red cells of a case of erythroblasto- 

sis fetalis of the human. The relative rates of migration are as follows: 

for the rabbit enzymes, AL-ase > UD-ase > PBG-ase (Fig. 1); for the 

chicken, AL-ase > PBG-ase > UD-ase (Fig. 2); and for the human, 

UD-ase > PBG-ase > 6AL-ase (Fig. 3). The rabbit preparation yielded 

eluates from the starch which possessed the highest enzyme activities ex- 
pressed in micromoles per hour per mg. of protein. The maximal activi- 

ties were as follows: for SAL-ase, 0.8 umole of PBG; PBG-ase, 0.44 umole 

of PBG; and UD-ase, 0.009 umole of COPRO’gen. The maximal activi- 

ties for the chicken preparation were as follows: for 5AL-ase, 0.3 umole of 

PBG; PBG-ase, 0.05 umole of PBG; and UD-ase, 0.007 umole of COPRO’- 

gen. The maximal activity of 5AL-ase isolated by the bulk method was 

1.6 um 
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1.6 umoles of PBG. Gibson et al. (11) have reported a maximal activity 

for 6AL-ase of about 3 wmoles for their beef liver preparation. 

Origin ~ 
Hemoglobin (——] 
dAL- ase YW 

PBG-ase WY) 

Decarboxylase V/) 

1 i j 

Cm. 10 20 30 
© ® 

Fig. 3. Electrophoretic separation on starch of the supernatant fluid from 7 ml. of 

red cells from a case of erythroblastosis fetalis. The run was made in phosphate 

buffer, pH 6.9, '/2 = 0.13, at 5° for 20.5 hours at 85 ma., 350 volts. The qualitative 

distribution of the enzymes is presented. 

TABLE I 

Bulk Isolation Method of Chicken 5AL-ase 

Activity in — 
| : | Mg. of PBG per hr. | Per cent of 

Treatment | Fraction | Volume | N per ml. | per | pane starting 
Kjeldahl I activity 

| | X 107 

ror mae } m | | | 
Hemolysate from 215 ml. packed | A | 710 | 20.4 | 0.37 | 100 

cells | | | 
lst alcohol-CHCl; denatura- | B + C | 860 | 2 13 | 2.74 | 94 

tion. Combined filtrate | | | | 
2nd alcohol-CHCl; denatura- | H | 940 | 0.42 | 7.8 57 

tion; filtrate | 

Acetone pptn. | J | 61 1.56 | 22.5 | 41 

Electrophoresis on starch | K | 336 | 0.073] 101 | 15 

Bulk Method for Isolation of 6A L-ase 

Procedure for Bulk Isolation of 6AL-ase from Chicken Erythrocytes—The 

hemoglobin is removed in two steps by denaturation with an alcohol-chloro- 

form mixture. The filtrate containing the enzyme is concentrated by 

precipitation with acetone and the dAL-ase is separated by zone electro- 

phoresis on starch. Chicken erythrocytes were washed free from citrated 

serum with saline and the buffy top layer was removed. The washed 

packed cells (215 ml.) were hemolyzed by adding 430 ml. of H,O. After 

5 minutes at 25°, 65 ml. of 1 m NaCl were added. The remainder of the 

operations were carried out at 5°. The hemolysate, Fraction A (Table I), 

was mixed in a blendor for 1 minute with alcohol-chloroform in the pro- 
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portion of 350 ml. of hemolysate to 40 ml. of alcohol-chloroform (3 volumes 

of ethanol, 95 per cent, to 1 volume of CHCl;). The mixture was filtered 

by suction yielding 430 ml. of a reddish filtrate, Fraction B. The some- 

what moist residue was resuspended in 0.05 m Tris buffer, pH 7.6, and re- 

filtered yielding 430 ml. of filtrate, Fraction C. The reddish filtrates, Frac- 

tions B plus C, were combined, mixed in a blendor with alcohol-chloroform 

in the proportion of 400 ml. of filtrate to 40 ml. of the alcohol-chloroform 

solution for 1 minute, and filtered. Excess alcohol-chloroform should be 

avoided. The moist residue was washed with 40 ml. of Tris buffer and 

sucked dry. The total volume of filtrate, Fraction H, was 940 ml., pale 

yellow in color. To concentrate the protein, 300 ml. of acetone at —20° 

were added to 200 ml. of filtrate, Fraction H; the flocculent precipitate was 

centrifuged immediately at 2000 X g for 10 minutes and rapidly resus- 

pended in 10 ml. of GSH-phosphate buffer (m/15 phosphate buffer, pH 6.8, 

containing 0.01 m GSH). 61 ml. of a brown solution, Fraction J, were 
obtained. 

For electrophoresis, 10 ml. of Fraction J were placed as a streak on a 

starch plate that had been prewashed with bovine albumin and prepared 

with a phosphate buffer, pH 6.8, [/2 = 0.13. After electrophoresis for 

18 hours, the starch segments were eluted with 0.025 m phosphate buffer, 

pH 6.8. Two segments contained 99 per cent of the recovered 5AL-ase 

activity in a total volume (Fraction K) of 55 ml. This 6AL-ase was fur- 

ther concentrated by filtration through a collodion bag ultrafilter. 

Fractions B plus C may be used in the preparation of PBG from 6AL. 

Not only is the 5AL-ase activity relatively high but much of the PBG-ase 

has been destroyed at this step. In addition, it has been found that the 

presence of some hemoglobin prevents PBG from undergoing spontaneous 

decomposition. The 6AL-ase enzyme at this stage requires no activation 

with GSH. When 6AL at a concentration of 5 X 10-* m was incubated 

anaerobically in this enzyme solution in 0.02 m phosphate buffer, pH 6.8, 

for 16 hours at 38°, colorimetric determination of PBG indicated a yield 

of 35 per cent of theory. 

Properties of 6A L-ase 

Measurement of 5AL-ase Activity—éAL-ase activity is defined as the 

micromoles of PBG formed in 1 hour per ml. of enzyme solution. Stand- 

ard conditions for the measurement of the activity are the following. 

Enzyme solutions are activated by preincubation for 30 minutes in 0.01 m 

GSH at pH 6.8, 38°. To 0.2 ml. of activated enzyme solution are added 

0.1 ml. M/15 PO, buffer, pH 6.8, and 0.1 ml. of neutral 0.01 m 6AL. The 

solution is incubated for 1 hour at 38°. The activity is stopped by the 

addition of 1 ml. of a TCA-Hg mixture (80 ml. of 5 per cent TCA plus 20 

ml. of 
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ml. of 0.1 m HgCl.). After centrifugation, 1 ml. of supernatant solution 

is removed and mixed with 1 ml. of 4 N perchloric Ehrlich reagent (16). 

The resulting color density is measured against a reagent blank at 553 mp) 

in a cell of 1 cm. optical length at 3 minutes after mixing. The activity = 

density X 0.226 umole of PBG formed per hour per ml. of enzyme solution. 

Preincubation with GSH for Activation—GSH was found to be required 

for the activation of beef liver 5AL-ase (9) and for the 6AL-ase of duck 

erythrocytes (3). Chicken and rabbit 5AL-ase isolated by zone electro- 

phoresis also require reactivation with GSH. The reactivation of rabbit 

sAL-ase is complete within 15 minutes at 38°. A 10-fold increase in activ- 

ity of chicken 5AL-ase has been observed on reactivation. 

Interference of GSH in Determination of PBG with Ehrlich’s Reagent—On 

allowing a pyrrole with a free a position to react with p-dimethylamino- 

benzaldehyde in acid solution, a pink Ehrlich color salt I arises (17). GSH 

and other sulfhydryl compounds decolorize this compound. Nucleophilic 

reagents such as R—SH would be expected to add at the methine carbon 

to produce the colorless compound II, which is protonated in acid solution. 

The reaction is analogous to the equilibrium between sulfite ions and di- 

pyrrylmethenes given in the following paper (Paper III). Evidence for 

such a reaction was obtained by measuring its equilibrium constant, using 

H | H H 
Qy/=C—€ NS N(CH): + RSH = R2F —N(CH,)} 

s — 4 | 

H* * = 
(TI) (11) 

compound I derived from the reaction of 2-methyl-3-acetyl-4-(3-propionic 

acid)-pyrrole and the 4 Nn perchloric-Ehrlich reagent. The dissociation 

constant, K, for compound II to form compound I plus GSH is about 3 

X 10-5 Mm at room temperature. The exact value of K cannot be estab- 

lished due to the transient nature of compound I (readily apparent in the 

case of PBG as the pyrrole) and our ignorance of its absolute concentra- 

tion (16). Further evidence for this equilibrium comes from the fact that 

removal of R—SH by oxidation or by forming tight complexes with heavy 

metals, either before or after addition of the Ehrlich reagent, produces 
the color salt I. Since Compound I is also sensitive to the usual oxi- 

dants, the method of choice to overcome sulfhydryl interference is to 

form a tight complex with a heavy metal such as Hg**. It is 250 times 

as effective as Cut++ which has been used by Gibson et al. (11). 

Balance Experiment—The PBG that was formed enzymically was equiv- 

alent quantitatively to the AL that disappeared (Table II). This con- 

firms the findings by Gibson et al. (11) for 5AL-ase from beef liver. 
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According to the findings of Shemin (18) and of Berlin et al. (19), 6AL 

is in part converted to other products than PBG. In the present experi- 

ments with enzymes from rabbit reticulocytes, 5AL was found to be trans- 

formed only by those fractions which contained 6AL-ase. 

TABLE IT 

Quantitative Conversion of AL to PBG by Rabbit 5AL-ase 

| 
| Decrease in moles SAL 

Moles PBG formed 
d5AL remaining PBG formed Time = a 

| Uncorrected | Corrected 
| 

hrs. | umole umole | 

0 0.263 | 
1 | 0.133 0.0624 CS 2.02 | 2.08 

| 0.135 0.0630 =| 1.95 2.03 
2 0.0821 0.090 1.95 2.01 

| 0.0821 0.090 | 1.95 2.01 
3 0.0452 0.104 | 2.09 2.09 

| 0.0492 0.106 | 2.02 2.02 
4 0.0274 0.120 1.90 1.96 

| 0.0260 0.114 | 2.06 2.08 
| 

After protein precipitation PBG was determined by an elaboration of the method 

described above, and 5AL by the method of Mauzerall and Granick (16). Correc- 

tions (last column) were made for the spontaneous decrease during a 4 hour incuba- 

tion period of AL (9 per cent) and of PBG (10 per cent) and for the color contribu- 
tion of the PBG to the 6AL determinations (equivalent to 23 per cent of the PBG). 

Stability of 6A L-ase—Solutions of chicken or rabbit 5AL-ase, preactivated 

in 0.01 m GSH, and containing more than 0.4 mg. of protein per ml., did 

not lose activity as rapidly as less concentrated solutions (Fig. 4). The 

maintenance of activity appears to be due to a stabilization of both the 

enzyme and of the PBG formed. PBG (5 X 10-* Mm) incubated at 38° 

in PO, buffer, pH 7, for 4 hours was decomposed 10 per cent. The activity 

for short incubation periods was found to be directly proportional to the 

enzyme concentration over a 10-fold change in concentration of enzyme 

(Fig. 5). The pH dependence of the rabbit reticulocyte 5AL-ase and of 

the chicken erythrocyte 6AL-ase is shown in Fig. 6, A and B. The max- 

imum is at pH 6.3 for the rabbit enzyme and at pH 6.7 for the chicken 

enzyme. A similarly shaped curve has been observed in the case of beef 

liver 6AL-ase with a maximum at pH 6.7 (11). The rather marked de- 

crease in 6AL-ase activity on the acid side of the maximum is due in part 

to an irreversible inactivation occurring at acid pH at 38°. The half life 

of chicken 5AL-ase at pH 5.3 and 38° is about 15 minutes, while that for 

the rabbit enzyme is about 1 hour. With the rabbit enzyme no loss in 
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Fic. 4. Stabilization of dilute 5AL-ase by protein. Preactivated chicken 6AL-ase 
(0.16 mg. of protein per ml.) was incubated in 0.02 m PO, buffer, pH 6.8, with 2.5 X 

10-* m 6AL in the presence of (Curve A) 0.25 per cent bovine albumin, (Curve B) 

1 per cent gelatin, (Curve C) no added protein. 5AL-ase activity measured under 
standard conditions is in micromoles of PBG per ml. of enzyme per hour. 

Fic. 5. 5AL-ase activity versus enzyme dilution. Preactivated chicken 5AL-ase 

stock solution (2.1 mg. of protein per ml.) in M/15 PO, buffer, pH 6.8, was diluted 

with the same buffer. Incubation time was 30 minutes, 5AL concentration 2.5 X 
10°? m. S5AL-ase activity is in micromoles of PBG per hour per ml. of diluted en- 

zyme, measured under standard conditions. 
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Fic. 6. 5AL-ase activity versus pH of (A) preactivated rabbit reticulocyte prep- 

aration (0.32 mg. of protein per ml.); (B) preactivated chicken erythrocyte prepara- 

tion (2.1 mg. of protein per ml.). 5AL-ase activity is in micromoles of PBG per hour 

per ml. of enzyme measured under standard conditions. +, 0.05 m PO, buffer; O, 

0.05 m Tris buffer. 

activity was found by treatment at 0° and pH 5.3 for 1 hour, nor at 38° 

and pH 7.9 for 1 hour. An inhibition by PO, buffer as compared to Tris 

buffer was observed with the 5AL-ase of the rabbit (Fig. 6, A) but not 

with that of the chicken. 
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Substrates for 5A L-ase—For the beef liver enzyme neither amino acetone, 
e-amino-6-ketohexanoic, nor a,6-diamino-y-ketopentanoic acid are sub. 
strates (11). When mixtures of amino acetone and 6AL were incubated 
with rabbit 5AL-ase, no mixed condensation products could be detected 
by paper electrophoresis. The methyl ester of SAL formed a pyrrole at 

50 

40 

30 

vx10? 

20 

10 

oS 

v/S x1o-§ 
Fic. 7. Michaelis constant determination of preactivated rabbit sAL-ase (0.6 mg. 

of sadilie per ml.). v is plotted versus v/S, where v = the observed rate of PBG 
formation per hour per ml. of enzyme, and S = the molar concentration of AL. 
The activity was measured under standard conditions. The points at low substrate 
concentration have been corrected to initial rates by assuming a first order rate law. 
The corrections ranged from 3 per cent at 2 X 10-3 m 6AL to 15 per cent at 6 X 10°5 
M 6AL. 

about one-half the rate of SAL. However, the ester is rapidly hydrolyzed 
and no mono- or diester of PBG could be found by paper electrophoresis. 

Michaelis Constant of 5AL-ase—The apparent K,, of both rabbit reticulo- 
cyte and chicken erythrocyte 5AL-ase is 5 X 10-* m (Fig. 7). Beef liver 
dAL-ase is reported to have a K,, of 1.6 X 10- (11). Al of these en- 
zymes follow simple Michaelis-Menten type kinetics. 

Inhibitors of 6AL-ase—In confirmation of the findings of Gibson et al. 
(11), metals inhibit 6AL-ase roughly in the order of the solubility products 
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of their sulfides. Iodoacetamide at 10-* m inhibited the enzyme com- 

pletely. These results and the activation by GSH indicate the presence 

of essential SH groups of thisenzyme. With rabbit 6AL-ase, the following 

compounds showed little or no inhibition below 10~! m: butyrate, valerate, 

caproate, 6-alanine, y-aminobutyrate, 6-aminovalerate, «-aminocaproate, 

and ethyl levulinate. At 10-* M, pyruvate and acetoacetate were weakly 

inhibitory, and a-ketoglutarate and oxalacetate were more strongly in- 

hibitory (Table III). At 10-* m, only levulinate, succinic semialdehyde, 

and p-aminobenzoate were appreciably inhibitory. 

The inhibition and substrate studies suggest that neither the a-amino 

ketone grouping alone nor an amino group, even if 6 to the carboxyl, is 

TaB_e III 

Inhibitors of Rabbit 5A L-ase 

1.1 mg. of protein per ml. The substrate was 2.5 X 10-?>m 6AL. Other conditions 

were standard. 

Inhibitor Molarity at i inhibition 

FINES REE CNS Sieg Se ye pee RED Pep RMR vate 3 
NE IIS 5.5 os ic saved bee ua deebewewken 1 
I a crerirnts'45d- arena otenerrd cle atninelinine waited 10 
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EEA SEE SRR Raa Ue eRe Airc rE renee ym nae rete pearl rom 8 

NG ino < ceences nawsina ds Mabie sexe bere ace 3 

Naphthalene-1-amino-4-sulfonate....................4. 10 

NN 60 Rae ie a Lx dan See pote ee RE 50 

INL, 80. iar ated Gude Mops Sa aloe We Se Dos tance Wide 20 

sufficient to bind the 6AL to the enzyme. The only moderately effective 

inhibitors are levulinate and succinic semialdehyde which have a keto 

group 6 to an ionized carboxyl group. 

EDTA Inhibition of AL-ase—According to Gibson et al. (11), beef liver 

5AL-ase is markedly inhibited by EDTA, the activity decreasing sharply 

over a 4-fold change in EDTA concentration. With rabbit 6AL-ase, the 

inhibiting effect of EDTA suggests more than one type of inhibition 

(Fig. 8). The slope of the activity curve below 50 per cent activity is 

less than expected for a simple 1:1 (enzyme to inhibitor) reversible inhibi- 

tion. This simplest type of enzymic inhibition has been elegantly dis- 

cussed in the classical papers of Strauss and Goldstein (20) and Gold- 

stein (21). The inhibition curve was unaffected by an 8-fold increase in 

sAL concentration and is of the “uncompetitive” type (Fig. 9). The slope 

does not change but the intercept increases by (1 + 7/K,) with K; = 4 X 

10-° m (22). This type of inhibition is usually accounted for by the as- 
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Fig. 8. Inhibitory action on preactivated rabbit 5AL-ase (1.1 mg. of protein per 
ml.) of EDTA and related compounds. Incubation 2 hours, 5AL 2.5 X 10-* m; other 

conditions were standard. Curve A, the dashed line represents a theoretical curve for 
a simple reversible 1:1 (enzyme-inhibitor) inhibition; Curve B, EDTA; Curve C, 
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sumption that the inhibitor, 7, combines only with the enzyme-substrate 

complex. Although this enzyme acts on two identical substrate mole- 

cules, the kinetics found are of the simple 1:1 (enzyme-substrate) form 

(see under ‘‘Discussion”) and therefore the general equations developed 

for enzyme inhibition by Segal et al. (22) are applicable. Similar results, 

however, would be obtained if EDTA removed an essential metal from 

the enzyme-substrate complex. The inhibition with EDTA may be par- 

120 
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maximum ™ Ms ve 
activity 
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Fic. 10. Inhibition by EDTA of different preactivated chicken 5AL-ase prepara- 
tions, measured under standard conditions. Preparation A, from zone electrophore- 

sis on starch. Enzyme concentration 0.6 mg. of protein per ml.; Preparation B, 
from zone electrophoresis on starch which was prewashed with bovine albumin. 

Enzyme concentration 1.1 mg. of protein per ml.; Preparation C, from bulk method. 
Enzyme concentration 1.2 mg. of protein per ml. 

tially reversed. Overnight dialysis against dilute buffer resulted in a re- 

covery of 56 per cent and in the presence of 0.01 m Mgt*, of 85 per cent of 

the activity. The inhibition by CaNaEDTA also does not follow a simple 

1:1 reversible inhibition curve. However, the inhibitions by N(CHo>- 

COOH); (K; = 8 X 10-* m) and CH;N(CH2COOH)>: (K; = 8 X 107? m) 

do follow a simple 1:1 inhibition curve. 

The complex nature of the inhibition by EDTA is revealed more clearly 

with the chicken enzyme. The inhibition depends on the preparation of 

the chicken 6AL-ase. Only partial inhibition of any preparation was ob- 

served even at 10-2 m EDTA (Fig. 10). Preparation B, an eluate from 

zone electrophoresis on starch prewashed with bovine albumin, was only 
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slightly inhibited by EDTA. The slight increase of activity above 100 
per cent at very low EDTA concentration may be due to the removal of 
inhibiting trace metals not removed by GSH. Preparation C, made by 
the bulk method, contains a brown iron protein which migrates electro- 
phoretically like ferritin; higher concentrations of EDTA (>10-° M) are 
seen to be required for inhibition. 

co oe a a i oF ote 
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@ “He Hp ene H 
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Ketimine Dihydropyrazine 

Fic. 11. Mechanism of action of 5AL-ase 

Properties of AL—In alkaline solution 6AL condenses to a ketimine 
(Fig. 11) and dihydropyrazine (10). When 6AL is kept at pH 6.8 and 40° 
for 2 hours, less than 10 per cent is in the form of a ketimine or dihydro- 
pyrazine. On paper electrophoresis at pH 6.8, 40°, 6AL migrates as a 
dipolar ion. However, at pH 8.0, 40°, material moving faster towards 
the anode than 5AL is observed, indicating that appreciable condensation 
to ketimine or dihydropyrazine takes place. Titration of AL to pH 10 
at 22°, acidifying, and retitration within 1 hour give duplicate curves. 
The pK values of 5AL are 4.0 and 8.2 + 0.1. Under the conditions used 
for the determination of 5AL-ase activity the non-enzymic condensation 
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of AL to Ehrlich-positive materials is negligible at concentrations below 

5 X 10° M. 

Mechanism of 6AL-ase Action—The stoichiometry of the condensation 

of 2 molecules of 6AL to form 1 PBG (Fig. 11) has been established by 

both chemical (Table II), (11) and labeling (3) methods. The condensa- 

tion requires the formation of a bond at A and at B. The following argu- 

ments suggest that only one enzyme is involved in PBG formation. (a) 

Only one, fairly symmetrical zone of AL-ase activity was found on zone 

electrophoresis of the supernatant fluid from the red cells of the three 

species studied. The activity of the eluate of this zone was not enhanced 
by combination with eluates from other zones. (6) The enzyme-substrate 

kinetics are of the simple 1:1 type (Fig. 7). (c) The activity versus enzyme 

dilution is linear (Fig. 5). The latter two arguments, however, could be 

vitiated by a series of enzymes which rapidly come to steady state condi- 

tions. Following the usual simplicity principle, we shall refer to AL-ase 

as one enzyme. 

In addition to the usual forms of enzyme inactivation noted above, the 

inhibition by EDTA may indicate another kind of change. The usual 

ad hoc hypothesis to explain the incomplete inhibition as observed in Fig. 10 

is that the enzyme-substrate-inhibitor complex reacts at a slower rate than 

the enzyme-substrate complex; however, this would not explain the varia- 

bility encountered. Another hypothesis is that two different proteins 

with 6AL-ase activity are present in variable proportions, only one of 

which is inhibited by EDTA. Attempted separation of these proteins by 

zone electrophoresis was unsuccessful; when the zone of 5AL-ase activity 

was divided into a slow, middle, and fast portion, the EDTA inhibition 

curves were the same for the three portions. Possibly handling causes 

modifications of some of the 6AL-ase molecules so that the modified mole- 

cules become susceptible to inhibition by EDTA. 

The inhibition by EDTA may be due either to a competition for an 

essential metal or to direct binding on the enzyme. The fact that with 

rabbit 6AL-ase the 50 per cent point of inhibition by EDTA, N(CH:-- 

COOH);, and CH;N(CH2sCOOH), (Fig. 8) is in the order of their metal- 

chelating abilities (e.g. for Mg**) is suggestive of an inhibition due to com- 

petition for an essential metal. 

Two possible general schemes for 5AL-ase action may be considered, 

depending on whether 6AL or the ketimine is the immediate substrate. 

(A) 2=S. E+8:— ES:->E+P 
k ks 

(B) E+S=ES ES +8 = BS:—*+E+P 
ke 4 

Scheme A assumes a preliminary non-enzymic condensation to a dimer, 
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Se, the ketimine. This condensation cannot be rate-determining for the 

rate is proportional to the enzyme concentration (Fig. 5). If the spon- 

taneous condensation were very rapid and if very little S. were formed, 

the rate would follow an enzyme-substrate plot second order in substrate 

concentration. Actually a plot of v versus v/S: is highly curved, eliminating 

this possibility. If the spontaneous condensation to S2 were very rapid 

and if most of S were in the form of Ss, then the results obtained could be 

explained. However, less than 10 per cent of the AL was found to be in 

the form of the ketimine at pH 6.8 so that Scheme A may be rejected. 

In Scheme B the formation of ES, cannot be rate-determining, for then 

the kinetics would be second order in substrate concentration. If the 

formation of ES were rate-determining, the rate would be continually pro- 

portional to S, whereas it actually tends to a limit. If we assume the 

formation of P to be the slow step, 7.e. that the binding is at equilibrium, 

then the dissociation of ZS must be less than that of ES, in order to ex- 

plain the observed kinetics. In this respect they resemble certain enzyme- 

coenzyme-substrate reactions. A more general approach is obtained by 

applying the steady state conditions to Scheme B. The following equation 

for the initial rate of product formation is obtained 

ksEo 

ke tks | ks} 1 ko| kg + ks | 1 
1 ee _ am tn =~ a 

+| ks a Par | ks ip 

The condition required for the term in 1/S,? to be negligible is that 

So > ko/{[ky + kzks5/(ka + ks)] 

Again if ks is small, the dissociation of ES, k2/k:, must be below 10~ m, 

the lower limit of So used in these experiments. Elimination of other 

possibilities and more definite proof of this hypothesis would require 

measurements at still lower concentrations and preferably in the non- 

steady state. The suggestion that the enzyme has two sites for the 6AL 

molecules is consistent with the fact that “mixed” pyrroles were not ob- 

served with 6AL and amino acetone or 6AL methy] ester, i.e. both sites are 

fairly specific. 

The condensation of AL to PBG resembles a Knorr pyrrole condensa- 

tion. The inhibition data suggest that a carbonyl group y to an ionized 

carboxyl group is necessary for binding to the active site of 6AL-ase (Fig. 

11). Kinetic data suggest but do not prove the following mechanism for 

the action of this enzyme: Both molecules of AL form complexes with 

5AL-ase, the first being held more tightly than the second. The binding 

of this second 6AL molecule may involve spontaneous formation of the 

ketimine at B. The presence of a metal ion at C would favor the forma- 
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tion of an enolate ion. The aldol condensation requires an enolate ion to 

attack the carbonyl of the adjacent AL at A. This condensation at A 

with hydrogen shift would then result in pyrrole formation. 

PBG-ase 

Measurement of PBG-ase Activity—PBG-ase activity is defined as the 

micromoles of PBG which react in 1 hour per ml. of enzyme solution. 

Standard conditions for measurement of the activity are the following. 

To 0.2 ml. of enzyme solution are added 0.1 ml. of M/15 PO, buffer, pH 7.3, 

and 0.1 ml. of 2 X 10-*m PBG. The mixture is incubated aerobically at 

04 
A B 

0.3- 
+, 

PBG-ase pol \ 
activity = * 

0.1 

i l l l l us l l l 

6 1 8 9 10 6 1 8 9 
pH 

Fig. 12. PBG-ase activity versus pH. A, rabbit reticulocyte enzyme (0.35 mg. of 

protein per ml.); B, chicken erythrocyte enzyme (2.1 mg. of protein per ml.). @, 

m/15 PO, buffer; O, 0.1 m Tris buffer; +, 0.1 m glycine buffer. The enzymes were 

predialyzed against water. Incubation, 2 hours at 38°; other conditions were stand- 

ard. 

38° for 1 to 2 hours in the dark. Blanks without enzyme are run simul- 

taneously. Dilution of the enzyme is so chosen that about 25 per cent of 

the PBG is converted. After incubation and precipitation of the proteins, 

the PBG remaining is determined colorimetrically (see “Measurement of 

5AL-ase activity’’). 

Some Properties of PBG-ase—The pH-activity curves for preparations 

from rabbit and chicken red cells are presented in Fig. 12. The curves 

obtained are probably composites resulting from the activities of more 

than one enzyme (see below). Some inhibitors of PBG-ase were studied. 

No inhibition was found with EDTA (2 X 10-* m) or with iodoacetamide 

and N-methyl maleimide (2 X 10-* m). GSH (10 mM) inhibited the 
activity 30 per cent. Cut+ (2 X 10-* m), Hg** and p-chloromercuriben- 

zoate (5 X 10-*), inhibited the activity 50 per cent. 

Conversion of PBG to URO’gen III by PBG-ase—The product of action 
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of PBG-ase on PBG under anaerobic conditions is very likely URO’gen, 
as indicated by the appearance of porphyrin bands only following oxidation 
of the reaction mixture with iodine. Under the aerobic conditions used, 

a large portion is autoxidized to the porphyrin and a further portion jg 

autoxidized to a product which has an intense band at 500 mu below pH 

8.5. This intermediate and the URO’gen may be oxidized to URO with 
iodine (23). The porphyrin formed was identified as URO by paper chro. 

TABLE IV 

Effect of Heat Treatment of Rabbit PBG-ase 

on URO Isomer Produced 

Relntios bometie of ester soot by 
os aik and Benson metho 

Rene pet Total porphyrin Porphyrin formed Pe Whe Sos ee 

URO type III | URO type I 

min. at 55° moles X 109 per cent theory a he 

0 41.0 80.4 +++ 0 

15 42.8 84.0 ++ ++ 

30 42.9 84.2 ++ as 
60 40.0 78.4 + ++ 

Each tube containing 0.2 ml. of enzyme (0.35 mg. of protein per ml.) plus 0.1 ml. 
of M/15 PO, buffer, pH 7.3, was heated at 55° for the designated period. The tubes 

were then incubated aerobically at 38° with 0.1 ml. of PBG (205 X 10-9 mole) for 15 

hours. The porphyrins were extracted by the addition of 0.5 ml. of 5 per cent TCA; 

the residue was centrifuged and reextracted with 1 ml. of 1 N HCl. The combined 

aqueous porphyrin extract was washed with ether to remove TCA. The density 

was determined at 548 my and the yield of porphyrin was calculated frome = 1.7 Xx 

10‘. The solutions were then evaporated to dryness, esterified with methanol- 

HCl, and the type of the URO isomer was determined by the Falk and Benson 
method (25). 

matography according to Nicholas and Rimington (24) and as the type 

III (or IV) isomer by the Falk and Benson method (25). 

Deaminase and Isomerase Activities—It was found by Bogorad and Gran- 

ick (7) that Chlorella extracts exposed to 55° for 30 to 60 minutes formed 

COPRO I from PBG, whereas unheated extracts formed COPRO III. 

With rabbit PBG-ase such treatment results in a decrease in URO III 

and a simultaneous increase in URO I, without affecting the total yield 

of porphyrin (Table IV). Booij and Rimington (26) have noted a similar 

isomer change with heated red cells. 

The effect of heat treatment suggests that the PBG-ase preparation has 

more than one action. It seems likely that one is a “deaminase” action 

which condenses PBG molecules to form polypyrrylmethanes by elimina- 

tion of NH3; another is an “‘isomerase”’ action which by an unknown mech- 

anism in 
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anism inverts 1 (or 3) of the PBG molecules to give an isomer III sequence. 

The isomerase action is then the one that would be readily destroyed by 

heat. Bogorad (27) has succeeded in separating two activities from plant 

extracts and has shown that the deaminase action occurs prior to the 

jsomerase action. 

To test whether the isomerase might act on URO’gen I, this compound 

(23) was incubated with an active rabbit PBG-ase preparation that would 

normally convert PBG to URO’gen III. No URO III was found after 

oxidation. Thus the isomerase must act at a stage preceding the con- 

densation of some intermediate to the porphyrinogen ring. 

PBG has been found to be converted to the extent of 90 + 10 per cent 

to URO III by PBG-ase. If the mechanism of the isomerase action is by 

transfer of the —CH.—NH: group as hypothesized for the chemical con- 

densation by Cookson and Rimington (13), this result with the enzyme 

suggests that no haphazard loss of HCHO or HCHO—NH; occurs into 
solution, but rather that the transfer of this group occurs via the enzyme 

or suitable coenzyme, e.g. tetrahydrofolic acid. 

In the disease porphyria congenita, which is due to a recessive gene, 

large amounts of URO I and COPRO I are excreted (28). The available 
data suggest that one of the effects of this disease is a diminution in active 

“isomerase”? enzyme of the bone marrow. 

Uroporphyrinogen Decarboxylase 

Observations on this enzyme are given in the following paper (23) in 

which proof is presented that the substrate is the fully reduced porphyrin, 
i.e. uroporphyrinogen. 

DISCUSSION 

The isolation of three soluble enzyme fractions from erythrocytes has 

made possible the examination of several individual steps in porphyrin 

biosynthesis. The results may be interpreted and summarized according 

to the scheme of Fig. 13. 

2 molecules of AL are condensed to PBG by 6AL-ase by a mechanism 

such as discussed earlier. The condensation of PBG to URO’gen III 
seems to require two kinds of enzymic reactions. 2 to 4 molecules of PBG 

are condensed by a “deaminase” to give a hypothetical polypyrrylmethane 

and ammonia. Continued action of this enzyme leads to URO’gen I. 

However, by the intervention of the “isomerase” reaction, 1 (or 3) of the 

PBG residues is inverted by an unknown mechanism leading on ring 

closure to URO’gen III. Both URO’gen I and III are acted upon by the 

decarboxylase, UD-ase, which successively removes carboxyl groups from 

the acetic acid side chains to give COPRO’gen I or III. COPRO’gen III 
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(but not I) is oxidatively decarboxylated by an enzyme bound to insoh \uncu 
components of the cell to form (after autoxidation) protoporphyrin (: be 

e & ( 
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Fic. 13. Scheme of protoporphyrin biosynthesis in the red cell from 8-ami e 
levulinate to iron protoporphyrin. Ac = CH.COOH, Pr = CH.CH.COOH, Vi =D 
CH=CH:, sAL-ase = enzyme that condenses 4-aminolevulinic acid to porphobilir F 
gen, UD-ase = enzyme that decarboxylates uroporphyrinogen to coproporphyrir of 

1. D ger . 

Whether the iron is inserted at an intermediate stage of autoxidation O¢ 
PROTO or into PROTO itself is unknown. However, under conditio ( 
whereby PROTO is not colloidal at neutral pH and 38°, ferrous iron w lir 
coordinate to form heme in th: absence of enzymes. 
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lt  mneurrently with the above enzyme reactions any of the porphyrinogens 

(2 *« be autoxidized, through pyrrylmethene-like intermediates which 

e a characteristic absorption at 500 my, to the respective porphyrins 

ich themselves are inactive. These autoxidations are photocatalyzed 

nN the porphyrins formed and are therefore autocatalytic (23) in the pres- 

x ace of light. The amount of these porphyrin byproducts formed (mostly 

& Y. 5RO and COPRO) depends not only on the activities of the various en- 

orphyrin| zymes involved but also on the presence of catalysts (light) or inhibitors 

(GSH) of their autoxidation. 

1% "| Weacknowledge our gratitude to Mrs. Annabelle Long and Mr. William 

"< Cumming for able technical assistance, to Dr. R. J. Slater for a sample of 
a erythroblastosis fetalis blood, to Dr. Henry Kunkel for advice on zone 

yrinI_ electrophoresis methods, to Dr. J. Dice for his procedure of 5AL synthe- 

sis, to Professor C. Rimington for samples of URO and COPRO isomers, 

A. to Dr. 8S. F. MacDonald for synthetic samples of URO isomers, and to 

Seu Dr. A. Bearn for the suggestion of albumin treatment of starch to trap 

i heavy metals. 

yrin Ill SUMMARY 

" Three soluble enzyme fractions involved in porphyrin biosynthesis have 

oes been obtained from red cells of chicken, rabbit, and man by zone electro- 

‘,, phoresis. One fraction condenses 6-aminolevulinic acid to porphobilino- 

KSon gen, another converts porphobilinogen to uroporphyrinogen III, and a 

’ third decarboxylates uroporphyrinogen to coproporphyrinogen. 

Kinetic and inhibitor studies on the first fraction show that the enzyme 

cn, Specifically binds both molecules of 6-aminolevulinic acid required for the 
\.y, condensation to porphobilinogen. Studies of the uroporphyrin isomers 

‘ jsroduced by the second fraction indicate that two types of reactions are 

(lved. General mechanisms for the above reactions are discussed. 
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PORPHYRIN BIOSYNTHESIS IN ERYTHROCYTES 

III. UROPORPHYRINOGEN AND ITS DECARBOXYLASE* 

By D. MAUZERALL anp 8S. GRANICK 

(From The Rockefeller Institute for Medical Research, New York, New York) 

(Received for publication, August 21, 1957) 

The porphyrinogens are colorless, reduced porphyrins containing 6 extra 

atoms of hydrogen. They have been reported to occur in biological ma- 

terials by Fischer, who isolated COPRO’gen! from the feces of his por- 

phyria patient Petry (1), and by Watson, Schwartz, and coworkers, who 

showed that COPRO’gen was present in the urine of some of their patients 

with various porphyrias (2). Suspicions that these porphyrinogens are the 

actual intermediates in the biosynthesis of porphyrins arose when it was 

observed that the porphyrins themselves, i.e. URO and COPRO, could not 

be used for heme or chlorophyll synthesis by either intact or disrupted cells 

(3-5). The structure of porphobilinogen gave further indirect evidence 

for this view since a condensation of 4 molecules of this pyrrole would pro- 

duce URO’gen (6). Also, Bogorad obtained small amounts of COPRO on 
incubating reduced URO with a preparation from Chlorella (5), and Neve, 

Labbe, and Aldrich have found that adding reduced URO to hemolyzed 

red cells increased the incorporation of Fe** into heme (7). 

We have isolated by zone electrophoresis on starch an enzyme prepara- 

tion from red cells which decarboxylates uroporphyrinogen but not uro- 

porphyrin, yielding coproporphyrinogen as the final product. Some obser- 

vations have been made on the photocatalytic autoxidation of URO’gen, 

and the structure of compounds at levels of reduction intermediate between 

URO and URO’gen is discussed. 

EXPERIMENTAL 

Materials 

Porphyrins—Unless otherwise mentioned, the experiments reported here 

were made with a URO octamethy] ester mixture, m.p. 260°, synthesized by 

* This investigation was supported by a research grant from the Division of Re- 

search Grants and Fellowships of the National Institutes of Health, United States 

Public Health Service, No. R.G.-4922. 
1 Abbreviations used are as follows: URO’gen = uroporphyrinogen; URO = 

uroporphyrin; COPRO’gen = coproporphyrinogen; COPRO = coproporphyrin; GSH 

= glutathione; EDTA = ethylenediaminetetraacetic acid; Tris = tris(hydroxy- 

methyl)aminomethane; mumoles = millimicromoles = 10~-* mole. 
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1142 PORPHYRIN BIOSYNTHESIS. III 

Dr. 8. F. MacDonald (8). Isomers I and II had been removed by repeated 

crystallization; paper chromatography by the Falk-Benson method (9) re- 

vealed a single porphyrin ester with the mobility of pure URO III. <A few 

early experiments were carried out with a sample of URO obtained by the 

chemical condensation of porphobilinogen. This was characterized as 

URO III by the same criteria. URO octamethy] esters I, II, and IV were 

synthetic samples prepared by Dr. 8. F. MacDonald and coworkers (10, 

11). COPRO III tetramethyl ester, m.p. 162°, remelted, 176°, was obtained 

from a fraction of broth used in the preparation of diphtheria toxin, through 

the courtesy of Dr. F. H. Clarke of the Lederle Laboratories. Authentic 

samples of URO III octamethyl ester and COPRO I tetramethyl ester were 

obtained from Dr. C. Rimington. 
Small samples of the porphyrin esters were hydrolyzed with 6 m HCl for 

1 day at 25° in the dark. The acid was evaporated in vacuo and the por- 

phyrin dissolved in the required amount of KOH solution. This stock so- 

lution of ~10-* m was kept frozen until used. 2,2’ ,4,4’-Tetramethyl- 

dipyrrylmethene was obtained from Dr. A. Corwin. In later experiments 

the distilled water was passed through a deionizing column, but no signifi- 

cant changes in enzyme activity or porphyrin recoveries were observed. 

Ether was freshly distilled and free from peroxides. Other chemicals were 

of reagent grade. 

Enzyme—The preparation of the enzyme by zone electrophoresis on 

starch of the soluble components of hemolyzed rabbit red cells has been 

described in a preceding paper (12). The solutions contained ~0.1 mg. 

of N per ml. 

Methods—In all operations with the porphyrins, exposure to light was 

minimized. Spectrophotometer readings were made at room temperature 

with a Beckman model DU spectrophotometer, equipped with a diaphragm 

near the light exit and with a modified cell holder which permitted the as- 

say of 1 ml. samples. Spectra were usually measured on a Cary recording 

spectrophotometer, model 11. Since the porphyrin bands are relatively 

narrow, minimal slit widths must be used. In later experiments a photo 

multiplier was added to the Beckman apparatus, and a slit width of 

~0.01 mm. was used from 400 to 650 my. A hand spectroscope was 

invaluable for preliminary experiments and as a control on extractions, 

photooxidations, etc. 

Uroporphyrinogen Preparation—Under dim red light about 2 gm. of 

freshly ground 3 per cent sodium amalgam are added to about 4 ml. ofa 

solution of URO (~4 X 10-‘M) in verydilute KOH. The flask is flushed 

with Ne, stoppered, and shaken vigorously. The fluorescence disappears 

within 3 minutes. The solution is rapidly filtered through a fine sintered 

glass disk with suction and titrated under nitrogen to pH 6.8 with 40 per 
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cent H;PO,. The resulting solutions were used immediately, but can be 

kept in the dark, and still better at dry ice temperatures. Coproporphyrin 

was reduced in the same manner. 
Extraction of Porphyrinogens—U RO’ gen, unlike URO, is readily extracted 

by ethyl acetate at pH 3. At this pH neither URO, URO’gen, nor the 

partially oxidized porphyrinogens is extracted by ether. When a mixture 

of URO’gen and enzyme that had been incubated anaerobically was rapidly 

extracted with ether at pH 3, it was possible to remove only the COPRO’gen 

(and COPRO forming during the extraction). By reextraction of these 

compounds into a buffer solution and spectrophotometric titration with I, 

TaBLeE I 

Extinction Coefficients for URO and COPRO Porphyrins 

| URO | COPRO 

ms 7A. mp | x10 | mu | «x 1044 

HCl, 1m 407 50 | 402 | 47 
» 3 @ wee eee oe | 
“oye | 504 | 0.57 | 502 | 0.61 

Sodium phosphate, pH 6.8, 0.067 503 | 1.3 | 505 | (0.53 
| 

M } | 

Sodium phosphate, pH 6.8,0.067| 539 | 1.1 | 538 | 0.54 
| | 

M | | | | 

Sodium phosphate, pH 6.8, 0.067 51 | 0.87 | 582 |. 0.82 : | | | 
| 

Sodium phosphate, pH 6.8, 0.067 613 | 0.40 | 609 | 0.23 

M 

e« = (1/em. X mole per liter) logio J/I, slit widths ~ 0.01 mm. 

the amount of both COPRO and COPRO’gen could be determined, and the 

reduction level of the COPRO’gen estimated. 
Analysis—Since the spectra of these porphyrins vary in a complex way 

with pH and ionic strength near neutrality (13), all measurements were made 

in acid solution, usually 1 m HCl, where these effects are much smaller. 

The extinction coefficients given in Table I are in agreement with those 

found in the literature (13-15). Beer’s law was closely followed in acid 

solution for concentrations up to at least 7 X 10-°m. At pH 6.8 only 

small deviations in the extinction coefficients occur with URO. Solutions 

of COPRO (2 to 20 X 10-* m) which are partly colloidal at this pH show a 

decrease of 10 per cent. 

The following standard procedure was adopted for incubation and analy- 

sis. Larger experiments were scaled up accordingly. 0.2 ml. of 0.067 
M phosphate buffer, pH 6.8, plus additives (GSH, inhibitor, etc.) was added 
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to 0.5 ml. of enzyme solution (at pH 6.8) in a small test tube. Under dim 

red light 0.1 ml. of URO’gen (~3 X 10~ M) at pH 6.8 was mixed in, and 

the tubes were placed in brown bottles containing pyrogallol and vials of a 

concentrated NaOH solution. The bottles were closed with stoppers con- 

taining inlet and outlet tubes, and “prepurified’”” N2 was rapidly passed 

through for 15 minutes. The tubes were clamped off, the vials of NaOH 

solution spilled on the pyrogallol, and the bottles kept at 38° for the re. 

quired time, usually 4 hours. On removal, the enzymic solutions were 
rapidly titrated with I, a hand spectroscope being used to follow the reac- 
tion. The appearance of the porphyrin bands at 540, 560, and 610 my 

and the rather sudden sharpening of the 500 mu band gave a clear end 

point; any excess I, was reduced with thiosulfate. The pH was lowered 

to 3.5 by adding 1 m formic acid. The solution was extracted three times 

with 2 ml. portions of ether. The ether extract was washed with 2 ml. of 

0.1 m formate buffer, pH 3.5, 2 ml. of H,O, and then extracted twice with 

1 ml. of 1m HCl. The volume of the extract in graduated test tubes was 

noted, and the optical density at 402 my (or 549) was determined. The 

total millimicromoles of porphyrin present was calculated from the ex- 

tinction coefficients of Table I. Control experiments without enzyme gave 

negligible readings (<1 per cent). The porphyrin formed was mostly 

COPRO with some porphyrins containing five and six carboxyl groups, as 

established by paper chromatography with 2,6-lutidine-water (16). URO 

could be assayed by making the aqueous phase 1 to 2 m in HCl, centrifug- 

ing, and determining the optical density at 553 or407 mu. The conditions 

described were sufficiently anaerobic to keep >80 per cent of the URO- 
gen reduced for 4 hours at 38°. 

In control experiments with mixtures of URO (0 to 1.2 & 10~ m) and 

COPRO (0.1 to 4 X 10-* m) in the protein solution, about 80 per cent of 

the COPRO was recovered. At higher concentrations of URO, less 

COPRO was recovered, very likely due to coprecipitation. The URO 

concentration was therefore kept below this limit. The recovery of URO 

was 95 per cent. Since recovery of the URO’gen after standing for 4 

hours at 38° under N, was only about 75 per cent, control experiments 

were included in each run. This allowed a reproducibility of +5 per cent 

to be attained. 

Isomers—The URO ester isomers were estimated by the Falk-Benson 

method (9) which distinguishes isomers I and II from III and IV, but not 

from each other. The total amount of porphyrin placed on the paper is 
highly critical, about 0.3 y being optimal for Whatman No. 1. When the 

amounts of porphyrin are smaller, isomer I tends to have the same mobility 

as isomer III and with too much porphyrin isomer III lags behind, thus 

resembling isomer I (17). About one-eighth of isomer I (or II) in isomer 

III (or IV) could be determined. 
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The COPRO ester isomers were estimated by a modification of the 

method of Rappoport et al. (18). About 0.5 y of unknown COPRO ester 

(freshly dissolved in CHCls) is placed on Whatman No. 1 paper along with 

the same amount of COPRO I and III esters and suitable mixtures of these 

isomers. Chromatography is done by the ascending method, on cylinders 

of the paper, the sides being held together by Teflon split rings. The es- 

ters are allowed to move 3 to 4 em. from the base line with a solvent of 25 

ml. of CHCl; and 30 ml. of petroleum ether (b.p. 60-70°). The paper is 
removed, dried, and cut 2 cm. below the spots. Separation of the isomers 

occurs With the second solvent system: petroleum ether: tert-butyl] alcohol: 

1 ,2-dichloroethane, 40:3:2 by volume. COPRO I ester remains at the 
origin while COPRO III ester moves near the solvent front. The composi- 

tion of the second solvent may be changed to obtain maximal separation of 

the isomers with known samples. As in the Falk-Benson method for 

separating the URO ester isomers, the amount of porphyrin placed on the 

paperis critical. About one-eighth of isomer I in isomer III can be detected 
and vice versa. No known COPRO II and IV esters were available, but the 

COPRO esters isolated from the enzymic decarboxylation of URO’gen 

isomers II and IV showed a chromatographic behavior similar to that of 

isomers I and III respectively. 

In these methods of separating URO and COPRO ester isomers the 

slower moving isomers (I and II) are markedly less fluorescent at the 

end of the separation than an equivalent amount of the faster moving 

isomers (III and IV). This observation and the critical dependence on 

amount of porphyrins suggest that both of the methods depend on frac- 

tional precipitation of the less soluble isomers onto the paper fibers. 

Spraying with 6 m HCl is useful to intensify the fluorescence of the slow 

moving isomers. 

When the spectra of URO esters I and III in ether-alcohol were meas- 

ured at liquid nitrogen temperature, an increase in intensity, 3 to 5 my 

shifts to shorter wave lengths, and a partial resolution of fine structure of 

the 500, 530, and 570 my bands were observed. However, the spectra of 

the two isomers were identical within experimental error. 

Specificity of Enzyme Preparation—This enzyme preparation does not 

decarboxylate porphobilinogen or 6-aminolevulinic acid, as was determined 

by incubating portions of the enzyme with these compounds, then ana- 
lyzing the mixtures by paper electrophoresis at pH 5.0. Only spots cor- 
responding to the original material were found. Porphobilinogen was de- 

tected by spraying with Ehrlich’s reagent. 6-Aminolevulinic acid was 

detected by spraying with 10 per cent acetylacetone at pH 7, incubating 

at 60° in a sealed jar for 0.5 hour, then spraying with Ehrlich’s reagent. 

2,2’ ,4,4'-Tetramethyldipyrrylmethene; pK and Equilibrium with Sulfite 

ITon—The pK was determined by measuring the spectra of the compound 
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in the Cary spectrophotometer from pH 1.5 to 12.3. Phosphate, Tris, 

ammonia, and borate buffers (0.1 mM) were used in the pH range 7 to 10, 

Dilute solutions of the compound are very photosensitive and therefore 

were used immediately after preparation. The amount of pseudo base 

present at alkaline pH with this alkyl dipyrrylmethene should be small 
(19). 

The reaction with sulfite ion was measured at pH 5.3 (phthalate) and 

pH 7.0 (phosphate) by recording the density of the 463 my band of the pro- 

tonated dipyrrylmethene. The ionic strength was 0.2 and the equilibrium 

constant for Reaction 1 (Fig. 4) was calculated with 7.1 as the second pK 

of sulfurous acid (20) and 8.4 as the pK of the dipyrrylmethene. All 

measurements were carried out at 22° + 1°. 

Photooxidation Experiments—The solution of URO’gen adjusted to the 

appropriate pH and containing in some cases inhibitors was placed in a 

Beckman cuvette and irradiated at the specified distance from the light 

source. A water heat filter was used in combination with a No. 2 photoflood 

lamp. Porphyrin formation was followed by measuring the intensity of 

the 560 my band, since the 500 my band was swamped and the 540 my 

band highly contaminated by the 500 my band of the intermediate ox- 

idation products. The intensity of the 610 my band was used as a check 

on the 560 my band. The concentration of intermediates was deter- 

mined by measuring the intensity at 500 my and subtracting the contri- 

bution from the porphyrin present. When oxidation was complete, the 

porphyrin concentration was determined by reading the 550 and 590 my 

bands in 1 mM HCl. A reading at 500 my served to check the purity of the 

porphyrin, a high reading indicating the presence of decomposition products, 

Addition of I, at the end of the photooxidation gave no change in the 

spectra. 

RESULTS AND DISCUSSION 

URO’gen Preparation—Fischer prepared the porphyrinogens by a wide 

variety of methods (21). To these methods may be added that of slowly 

acidifying an alkaline solution of potassium borohydride and the porphyrin. 

However, shaking with freshly ground 3 per cent sodium amalgam in the 

dark under nitrogen was found to be the most specific, rapid, and conveni- 

ent method. Under these conditions the absorption bands of the porphyrin 

fade out, and the fluorescence disappears shortly thereafter. In the light, 

or with old amalgam, the color of the solution changes from red through 

brown or green, decolorizing slowly, and showing a band at 640 mu. On 

reoxidation such solutions never gave quantitative recovery of porphyrin, 

but showed much background absorption (at 500 and 640 my). 

When samples of the URO’gen were oxidized with iodine at pH 7 and 

assay‘ 
produ 
the U 

gave | 

As 

a shot 

ductis 

Fy 

dese 
phat 
with 

cont 

cent 

that 

6.2 | 

por 

95» 

by 
ma 

the 

ant 

of 

i0¢ 

pk 

ior 



Tris, 

Oo 10, 

efore 

base 

small 

and 

pro- 

rium 

1 pK 

All 

. the 

in a 

ight 

lood 

y of 

My 

OXx- 

1eck 

ter- 

itri- 

the 

My 

the 

cts, 

the 

D. MAUZERALL AND 8S. GRANICK 1147 

assayed for porphyrin in acid solution, it was found that the reduction 

product contained 5.9 + 0.1 hydrogen atoms and that 95 + 4 per cent of 

the URO was recovered. Spectrophotometric or potentiometric titration 

gave the same result. 
A solution of URO’gen showed a band at about 202 my, « = 5 X 104, with 

a shoulder at about 220 my, e = 3.5 X 10. This fact, together with the re- 

duction to the hexahydro stage and the nearly quantitative recovery of 

1.0 ——— 

0.8 

0.6 
D » ee 

OAL ry 

go oe 
0.2 

0 1l 1 1 1 I 1 

4 o8 12 16 £20 24 

#24, Ie 
Fig. 1. A 3.47 X 10-* m solution of URO was reduced and adjusted to pH 6.8 as 

described under ‘‘Experimental.’’ 1.0 ml. of this solution and 2.0 ml. of m/15 phos- 
phate buffer, pH 6.8, were added to a Beckman cuvette, and the mixture was titrated 
with 0.10 n I; with a calibrated micropipette. The resulting totally oxidized solution 

contained 0.329 umole of URO by assay in acid solution, showing a recovery of 95 per 

cent. The end point of the titration is at 1.92 ueq. by the 560 my plot, indicating 

that the URO’gen contained 5.8 H atoms. The less reliable 610 my plot indicates 

6.2 H atoms. 

porphyrin on reoxidation, proves that the preparation contained at least 

95 per cent URO’gen of Structure I, Fig. 2. 

URO’gen Oxidation—At neutral pH and room temperature in the dark 

URO’gen is rapidly oxidized by iodine or lead peroxide and more slowly 

by certain quinones (e.g. tetrachloroquinone) and ferricyanide and dichro- 

mate ions. However, excess of lead peroxide or ferricyanide ion destroys 

the URO’gen. The reaction with iodine is instantaneous and quantitative 

and is the method of choice for oxidizing the URO’gen (2). The linearity 

of the plot of optical density at 560 or 610 my versus microequivalents of 

iodine added allows an accurate end point determination (Fig. 1). At acid 

pH, URO’gen is rapidly oxidized by ferric ion or chromium trioxide. Ceric 
ion destroys the URO’gen. 
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During all of these oxidations at pH <8, an intense absorption at 50) 
my appears and subsequently disappears completely, the final spectrum 
being that of a porphyrin alone. The photocatalytic autoxidation of the 
URO’gen will be discussed after considering the structure of this interme. 
diate absorbing at 500 mu. 

Intermediate Absorbing at 500 mu—The first stable molecule produced on 
oxidizing the colorless URO’gen (I), Fig. 2, would be the tetrahydropor- 

Porphyrinogen Porphomethene 
F200 ma 500 mL 

I II 

Porphodimethene Dihydroporphyrin Porphyrin 
500 mz ~ 600 mz 550, 590 mz 

II IV Vv 
Fig. 2 

phyrin (II). This is a cis-dipyrrylmethene. The corresponding non- 
cyclic compounds absorb intensely at 460 to 490 mu, e.g.: 2,2’ ,4,4’-tetra- 
methyl-3 ,3’-diethyldipyrrylmethene perchlorate in dioxane, 485 mu, e = 8.3 
X 10*; free base, 442 my, e = 2.1 X 104; zinc complex, 503 my, e = 1.5 X 10° 
(22). Removal of 2 more hydrogen atoms presents two alternatives: 
attack on the opposite methane carbon leading to Structure III, or attack 
on the adjacent methane carbon leading to Structure IV. The expected 
spectrum for Structure III would be close to that of Structure II, but with 
about double the molar extinction coefficient. On the other hand Struc- 
ture IV would absorb at longer wave lengths; the closest model is the tri- 
pyrrylene VI (Fig. 3), the zinc complex of which has a strong band at 627 
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my (23). Also, the hydrochloride of mesobiliviolin has an absorption 

maximum at 607 my, e = 2.1 X 104. 

Structure III would be expected to be somewhat more stabilized by 

resonance than Structure IV, and therefore would predominate. On oxi- 

dation of URO’gen with iodine near pH 7 the only significant absorption 

seen besides that of the fully oxidized porphyrin (V) is at 500 my. If the 

extinction coefficient of Structure IV is about 10‘, then 3 mole per cent of 

Structure IV could have been detected. 

To prove that this absorption at 500 my is due to Structures II and ITI, 

2,2’ ,4,4’-tetramethyldipyrrylmethene (VIII, Fig. 4) was studied as a model. 

The acid form in aqueous solution has a band at 463 my, e = 8.8 X 104, the 

CH3 Pr CH3 Pr CH3 Pr 

Br 
; x ll | Leet 

N N N 

Pr=CH2gCH2C0eCH3 

V1 

Fia. 3 

H CH; H.C H CH, H,C H 

I | Y | | = x aon [ | + 0 
H.C | CH H.C CH 3 N © 3 3 'N N 3 

H > OH H eo f 
Vil Vill 

Fic. 4. Reaction 1 

free base has a very broad band at 438 mu, e = 3.1 X 104, and its pK is at 

8.4. The zinc complex has a sharp band at 480 my, e« = 10° (per mole of 

dipyrrylmethene, in 50 per cent alcohol. The methene forms a colorless 

complex with sulfite ion. The equilibrium constant of Reaction 1 (Fig. 

4) isabout 3 X 10-* mole liter at 22°, and at an ionic strength of 0.2. 

An even tighter complex is formed with dithionite ion. 

That the colorless compound formed is Structure VII and not the cor- 

responding dipyrrylmethane produced by reduction with sulfite or di- 

thionite ions is proved by the insolubility of the complex in ether and the 

immediate formation of Structure VIII on acidifying. Reduction to the 

colorless dipyrrylmethane occurs with potassium borohydride. This 

product is easily extracted with ether, is only slowly autoxidized to Struc- 

ture VIII on acidifying, but is immediately oxidized by iodine. No com- 

plex is formed with Structure VIII and GSH or iodide ion at pH 7. 
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The properties of the intermediate in the oxidation of URO’gen which 

absorbs at 500 muy are similar to those of the alkyl dipyrrylmethene with 

respect to the following: (1) spectral absorption, (2) pK value, (3) zine 
complex, and (4) sulfite and dithionite complexes. 

Spectral Absorption—The displacement of the band from 485 my for 

Structure VIII to 500 my for the intermediate is likely, due to the replace- 

ment of two alkyl groups by pyrrylmethyl groups, and to the enforced cis 

position of the rings. The extinction coefficient of the intermediate ab- 

sorbing at 500 my may be estimated from the fact that the plot of the 560 

or 610 my absorption of the porphyrin formed versus fraction oxidized with 

TABLE II 

Spectral Data 

Compound Memax € pK 

URO’ gen, I, Fig. 2 ~202 ~5 X 104 

UROporphomethene, II-III, Fig.| Acid 500 ~105 ~8.8 
2 Free base 460 ~104 

Zn complex 520 

2,4,2’,4’-Tetramethyldipyrryl- | Acid 463 8.8 X 104 8.4 
methene, VIII, Fig. 4 Free base 438 3.1 X 10 

Zn complex* 480 ~1 XxX 105 
2,4,2’,4’-Tetramethyl-3 ,3’di- Acidt 485 8.3 X 104 

ethyldipyrrylmethene Free base 442 2.1 X 104 

Zn complext 503 1.5 X 105 
Tripyrrylene, VI, Fig. 3 s 627 
Mesobiliviolin Acid 607 2.1 X 10° 

All spectra obtained in water unless otherwise indicated. 
* This spectrum in 50 per cent alcohol-water. 

t These spectra in dioxane. 

iodine is linear (Fig. 1) and the breaking point corresponds to a hexahydro 

reduction level. Therefore the molar amount of intermediate must be 

within the experimental error, 7.e. ~5 per cent of the total porphyrin. If 

this amount of intermediate is present when the optical density at 500 mu 

isa maximum, thene = 2 X 10°. Anotherestimate can be made by consider- 

ing the initial slope of the 500 my absorption due to this intermediate. If 

this corresponds to a mixture of the tetra and dihydro stages (Structures 

II and III), 7.e. to an average loss of 3 hydrogens, and if about 5 per cent 

of the iodine is used here, then e = 1—2 X 10°. Although these estimates 

may be in error by a factor of 2, they clearly show the expected order of 

magnitude. ‘Table II summarizes the spectral data of these various com- 

pounds. 

pK Value—The pK of the intermediate was measured by adding a so- 
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lution of the partially autoxidized URO’gen to buffer solutions of various 

pH levels. Above pH 9, a broad, less intense band at about 460 my re- 

places the 500 my band, again in agreement with Structures II and III. 
Due to autoxidation, the pK could only be estimated to be between 8.5 

and 9. By titrating COPRO’gen with iodine at various pH levels between 

6.8 and 9.6 and plotting the relative maximal 500 my absorption due to 

the intermediate versus pH, the pK of the intermediate is found to be 8.8 

+ 0.2 (Fig. 5). Although the measured pK is probably some average of 

1.2 

—_ ” 
3} 
al & 
Q| Z 0.8 
Elo 
BI & 
Pc ° 

¢| © 0.6F 

“Ad 
als 
Slt 0.4 

u 

0.2 

0 l Ll 1 l 

6.0 10 8.0 9.0 10.0 

pH 

Fic. 5. Solutions of COPRO’gen were titrated with I; as described under Fig. 1, 

but at various pH levels. The maximal absorption observed at 500 my due to the 
intermediate (divided by the final COPRO concentration to normalize the various 

solutions) is plotted against pH. 

the pK of Structure II and the two pK values of Structure III, it is suffi- 

cient to show the close similarity to the model Structure VIII. 

Zine Complex—The addition of zine ion to the intermediate at slightly 

alkaline pH causes the band to shift from 500 to 520 my. This shift is the 

same as that found in the alkyl dipyrrylmethenes mentioned earlier. 

Sulfite and Dithionite Complexes—The 500 my absorption of this inter- 

mediate is lost on addition of sulfite or dithionite ions; only the spectrum 

of the porphyrin remains. This 500 mu absorption is not affected by GSH 

or iodide ion. 

The above evidence supports the formulation of the intermediate oxida- 

tion products of the porphyrinogens as having the dipyrrylmethene Struc- 

tures II and III. They shall hereafter be referred to as porphomethenes. 
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Autoxidation—The impure porphyrinogens are very sensitive to light 

and air, but become more stable on purification (21). In this respect they 

resemble most leuko dyes whose autoxidation appears to be photocatalytic, 

The autoxidation of URO’gen at pH 7 is in fact extremely sensitive to light 

(Fig. 6). During the autoxidation at pH <8.5 a transient absorption at 

500 mu having the same properties as that produced on oxidation with 

iodine is observed. The oxidation of the porphomethene first produced is 

autocatalytic (Fig. 6, Curve B’). That the fully oxidized porphyrin is 
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Fig. 6. Catalysis of photooxidation of URO’gen by URO. Samples A and B 

1.1 X 10-* m URO’gen in m/15 phosphate buffer, pH 6.8; Sample C, Sample A plus 

5 X 10-*m URO. Sample A was kept in the dark, while Samples B and C were il- 

luminated at 10 cm. from a 100 watt Mazda bulb. Curves A, B, and C, relative 

porphyrin concentration of Samples A, B, and C. Curves A’, B’, C’, relative por- 

phomethene concentration of Samples A, B, and C. The porphomethene concentra- 
tion has been magnified about three times relative to the porphyrin concentration. 

The constant increment due to the added URO has been subtracted from Curve C. 
See under “‘Experimental.”’ 

at least one of the photoactive species is also shown in Fig. 6. The addi- 

tion of 5 mole per cent of URO to the URO’gen solution causes a marked 
shortening of the induction periods (Fig. 6, Curves B’ and C’). Attempts 

to determine an action spectrum by using the Cary or Beckman spectro- 

photometers were unsuccessful. No direct proof that the porphomethene 

is photoactive was obtained. However, photoactivity might be expected, 

since solutions of dipyrrylmethenes are very photolabile. 

If after partial photooxidation the solution is returned to the dark, the 

oxidation rate decreases to a value approximately that of a control kept 

in the dark. 

Solutions of URO’gen from which O2 has been thoroughly removed by 

freeze- 

light. 
The 

and sc 

in Fig. 

tion ¢ 

Rel 
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freeze-thawing in vacuo are only slightly oxidized on exposure to intense 

light. 

The photooxidation is inhibited by 10-* m GSH, 2-mercaptoethylamine 

and sodium sulfite at pH 7. An example of the inhibition by GSH is given 

in Fig. 7. The inhibition by sulfite ion is complicated by concurrent destruc- 

tion of the porphyrin, resulting in yields of less than 50 per cent. The 

Relative 
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Fic. 7. Inhibition of photooxidation with GSH. Sample A contained URO’gen 
at 8.7 X 10-§ m in m/15 phosphate buffer, pH 6.8. Sample B was A plus 5 X 10°? m 

GSH. Both were illuminated at 20 cm. from a No. 2 photoflood lamp. Similar 
samples kept in the dark showed less than 5 per cent oxidation during this period. 

Curves A and B, relative porphyrin concentration of Samples A and B; Curves A’ and 

B’, relative porphomethene concentration of Samples Aand B. The porphomethene 

concentration has been magnified about 2.5 times relative to the porphyrin concen- 

tration. See under ‘‘Experimental.’’ 

photooxidation is catalyzed by ferric ion in 1 mM HCl but not in phosphate 

buffer at pH 6.8. EDTA has no effect at pH 6.8. Nitrobenzene, p-phen- 

ylenediamine, picric acid, and potassium iodide do not inhibit at 10-° m. 

The photooxidation rate increases with decreasing pH, and the yield of por- 

phyrin also increases from about 50 per cent in 0.1 m NaOH, to 75 per 

cent near neutrality, and to over 90 per cent in 1 m HCl. 

Since the porphyrins can also be photoreduced in the presence of various 

reductants such as GSH, the mechanism of these photoreactions requires 

further study. 
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Under conditions whereby the yield of porphyrin on photooxidation of 

the porphyrinogen is not quantitative, a 635 my band arises on photooxida- 

tion. At pH7 it attainsan intensity of about one-quarter of that of the final 

560 my porphyrin band, and is quite irreversible. It is not affected by 

excess iodine. It is displaced from 635 my at pH 7 to 644 my in alkali 

and to 618 my in acid. It is therefore not a dihydroporphyrin of the tri- 

pyrrylene type (Structure IV). From the autoxidation of URO’gen from 

turacin feathers, Nicholas and Rimington isolated a similar pigment and 

called it a chlorin (24). However, these properties are also in accord with 

those of an oxyporphyrin (25). 

Enzymic Decarboxylation of URO’gen 

Product—Evidence that the final product of the action of this enzyme 

on URO’gen is a porphyrinogen is given below. This porphyrinogen was 

shown to be COPRO’gen by quantitative oxidation with iodine and identi- 

fication of the resulting porphyrin as COPRO by (1) its HCl number; 

(2) the characteristic shift of the Soret band in acid and the relative in- 

tensities of the visible bands near neutral pH on going from URO to COPRO 

(Table 1); (8) paper chromatography of both the free COPRO and its 

tetramethyl ester. 

Specificitty—The enzyme preparation does not decarboxylate porphobil- 

inogen, 6-aminolevulinic acid or uroporphyrin (see under ‘‘Experimental” 

and Table III). 

Porphyrins with 7- to 5-Carboxyl Groups—The porphyrins with 8- 2-car- 

boxyl groups may be separated by paper chromatography with lutidine 

(16). On partial enzymic decarboxylation of URO’gen and oxidation of 

the products, at least three spots corresponding to the porphyrins with 7, 

6-, and 5-carboxyl groups appear (Fig. 8). The Rr values do not seem to 

be a linear function of the number of carboxyl groups. The porphyrins 

with 7- and 6-carboxyl groups remain at a low and roughly steady state 

concentration for a long time while porphyrin with 5-carboxyl groups is 

present in relatively low concentration. At a very low initial substrate 

concentration, the partially decarboxylated products are finally completely 

converted to COPRO. These intermediates amount to about 5 per cent 

of the isolated COPRO for isomer III and about twice that amount for 

isomer I. Since the rate of COPRO’gen formation from the various iso- 

mers of URO’gen varies only by a factor of 2 (see below), this preparation 
probably decarboxylates the acetic acid side chains at random. Thus the 

porphyrinogen having seven carboxyl groups obtained from URO’gen 

isomer III could be a mixture of four isomeric compounds, every one of 

which would, on continued decarboxylation, finally yield COPRO’gen 

isomer III. Considering all four isomers of URO’gen, there would be a 
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total of thirty-four different substrates for this enzyme: five, five, fifteen, 

and nine in the I, II, III, and IV series, respectively. The number of en- 

9 LP eg Oo O 

° g ‘ ~ 

o § 8 8 8 6 

Uro 6 x10-5 6x10 6x10 6x10 6x108m bxIO5M Copro 
lhr 4hr 23 hr ine 23 hn Noenzyme 

23 hr 

Fic. 8. URO’gen and the enzyme were incubated (see under ‘“‘Experimental’’) 

at the indicated concentrations and for the indicated times. After oxidation with 

iodine, the unfractionated porphyrins were paper-chromatographed with 10 parts of 

2,6-lutidine:7 parts water by volume as solvent. The jar also contained a beaker 

with 6 mM NHs3. 

TaBLe III 

Enzyme, URO’gen, and URO 

Activity of enzyme with URO and URO’gen I and III. URO’gen or URO and 

a concentrated enzyme preparation or buffer were incubated as described under 

“Experimental,’’ but under N2 in Beckman or Cary cells with greased glass stop- 
pers. The spectra were rapidly measured at the end of the incubation period; 16 

hours for all but the last experiment, which was 4 hours and in which a different 

enzyme preparation was used. The cells were then opened and the solutions ti- 
trated with iodine. The solutions were then processed as described in the text. 

Amount at end of Amount isolated after 
incubation iodine titration 

Substrate 

Porpho- | Porphyrin} URO COPRO 

eer mpmoles | mpmoles | mumoles mumoles mumoles 

URO’gen I 340 15 55 130 52 

- I + 10°? mM Na2S.0, 340 2 110 46 

‘i III 400 20 90 38 210 

IIT + 10-3 m Na2S20, 400 3 41 192 

URO III 400 316 0.6 

«III + 10-7? m Na.S.0, 400 274 0.7 

URO’gen III, no enzyme 400 287 0.7 

- III + 5 X 10°? m GSH 540 8 25 177 168 

zymes involved in these decarboxylations is unknown. For convenience, 

however, we shall refer to the preparation as “the enzyme,” uroporphyrino- 

gen decarboxylase, or UD-ase. 

Isomers—The data of Tables III and IV show that the yield of COPRO’- 

gen from the various isomers of URO’genis HI >IV>II>I1. Isomer III 



1156 PORPHYRIN BIOSYNTHESIS. III 

is decarboxylated twice as fast as isomer I (Fig. 9). Analysis of both the 
recovered URO and of the COPRO showed the expected isomers, although 

TaBLe IV 

Enzymic Decarbozylation of URO’gen Isomers 

A mixture of the URO’gen with GSH at 5 X 10-* m and 5 ml. of the enzyme solu- 
tion was incubated under nitrogen for 23 hours at 38°. Solutions were processed 
and the isomers identified as described in the text. 

Amount recovered Per cent COPRO 

Isomer URO’gen Concentration |—————————__—- ———— of recovered 
URO COPRO URO + COPRO 

myumoles m X 108 7 nie ; ends anc) > ae 

| 440 5.0 190 41 18 

i | 220 2.6 90 29 24 

III 270 3.1 69 71 51 

IV 380 4.3 110 53 32 

12 

ma moles 
copro 

L 

1 2 4 6 8 

t, hr. 

Fig. 9. The procedure described under ‘“‘Experimental’’ was used to incubate and 
to assay for the resulting COPRO. Curve A, 1.9 X 10-5 m URO’gen III; Curve B, 
5.7 X 10-§ m URO’gen IIT; Curve C, 1.8 X 10-5 m URO’gen I; Curve D, 5.4 X 10-' 
URO’gen I. 

I and II (similarly III and IV) cannot be distinguished by these methods. 

Incubation of equimolar mixtures of URO’gen I and III with the enzyme 

preparation gave mixtures of COPRO I and III at a rate intermediate be- 
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tween that of I and III alone. The III isomer always predominated in 
the product. 

Chemical or enzymic isomerization, by ring opening and reclosure in 

differing positions, would lead to a randomization of the sequences of the 

pyrrole units, thus changing the isomer type. An example of this type of 

isomerization occurs on reducing mesoporphyrin with zinc in acetic acid 

(26). The completely randomized mixture of URO’gen or URO would con- 

tain one-half isomer IIT, one-fourth isomer IV, one-eighth isomer II, and one- 

TABLE V 

Activity of Enzyme with Various Substances 

Relative activity 

Substance Concentration ~ 

Alone 5 X 10-* um GSH 

u X 108 

ier 0.2 0.95 

EE eer er ree 1.2 0.99 
| ee ee 1.2 1.03 

ET aes ela awe 66 pele 0.12 0.75 0.73 
a,a'-Dipyridyl............ 1.2 0.99 
8-Hydroxyquinoline-5- 
es, snctsuh 170 ara ph Biel 1.2 0.90 

EE ae rane ee 1.2 0.68 0.77 
EE Re vchs al crip 5c wa 1.2 1.29 1.31 
4 ee ee 1 1.0 

EE neers 12 0.91 
Porphobilinogen........... 1.2 0.8 

Indoleacetic acid.......... 5 1.0 
cies wicaniday oui 0.0064 0.8 

GUE MOB oe veecadines 0.0064 0.9 

0 ee ne 0.6 

rise a nike 34.00 cates 0.054 0.5 0.9 

Incubation and assay were as outlined in the text. 

eighth isomer I (6). The observation of no change in the recovered URO 

isomers I and II and the isolation of the corresponding COPRO isomers I 

and II show that little, if any, of this isomerization took place on reduction 

with sodium amalgam, incubation with enzyme, and oxidation with iodine. 

The present methods of isomer analysis are not quantitative, but it can be 

estimated that less than 10 per cent isomerization of I to III took place. 

Activity—The activity of the enzyme is largely unaffected by Ca**, 

Mg**, Zn**, @,a’-dipyridyl, 8-hydroxyquinoline-5-sulfonic acid, EDTA, 
80;-~-, 8:0.--, HCO;-, porphobilinogen, indoleacetic acid, and low con- 

centrations of COPRO or COPRO’gen (Table V). Oxygen inhibits due 

to autoxidation of the URO’gen. The inhibition by URO is prevented by 
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GSH and hence is very likely due to sensitized autoxidation of the URO’gen 

by URO. Strong inhibition occurs with Hg**, Cu**, Mn**, iodoacet- 

amide, and p-chloromercuribenzoic acid, but is in all cases prevented by ex- 

cess GSH (Table VI). The preparation is thus a typical enzyme with 

essential sulfhydryl groups, which either does not require a metal, or, if so, 
binds it very tightly. 

The activity of the enzyme preparations used in most of the experiments 

was not greatly increased (about 20 per cent) by added GSH. It was 

found, however, that when two streaks were run on the starch plate the 

fractions closest to the anode were five times more active in the presence 

TaBLeE VI 

Effect of Inhibitors on Enzyme Activity 

Relative activity 

Inhibitor Concentration 

Alone 5 X 10-? m GSH 

mu X 104 

_. qh aA aa oe 0.012 1.0 

pig BEC Ee eT ie aN 0.12 0.1 

gj RE» 2 oe OT. 1.2 0.01 0.25 

ge OR ae eee 0.012 0.93 
De ak esha yt gta kak oes 0.12 0.01 

gl See A Pe ane 1.2 0.96 

| apaltle Agnae en es i2 0.12 | 

Iodoacetamide............ 12 0.05 1.0 
p-Chloromercuribenzoic 

ee tia Re aE gees eee 7 0.02 1.0 

Incubation and assay were as outlined in the text. 

of 5 X 10-*m GSH. The half saturation level of GSH was about 10° 
M. When the electrophoresis was run on starch prewashed with bovine 

albumin (12), this effect was not observed. Exposure of the preparation 

to metal contamination increased the dependence of the activity on GSH, 

e.g. dialysis in Visking tubing gave a completely inactive product, which 

was partly reactivated by GSH. To protect against both trace heavy 

metals and autoxidation, GSH was usually added to the incubation mix- 

ture. 

Incubation of the enzyme with 6 X 10-*'m COPRO’gen and 5 X 107° w 

GSH in 0.01 m bicarbonate buffer at pH 6.8, 38°, for 4 hours under N; 

gave no trace of porphyrins with more (or less) than four carboxyl groups, 

showing the expected irreversibility of the reaction. 

Optimal pH—The optimal pH for the over-all reaction is about 6.8, and 

is not affected by changing from aerobic to anaerobic conditions, although 
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the yield of COPRO is increased 2-fold under the latter conditions (Fig. 

10). Changing from phosphate to Tris or bicarbonate buffer near the 

optimal pH had no effect. 
Substrate Concentration—The rate of COPRO’gen formation appears to 

decrease at a URO’gen concentration greater than about 2 X 10-° m (Fig. 

9). Experiments with lower substrate concentrations were difficult to 

carry out due to the low activity of the preparation, and because of the 

+ acetate 

4 phthalate 
1.0 O--~,. * phosphate 

&, x tris 
o dimethylglycine 

___ 0.8F O aerobic incubation 
Relative 
activit 

Y ost ® 
a 

0A 
x 

0.2 ” © 

® my 
/ 0 N ! I | l l I 

40 5.0 6.0 1.0 8.0 9.0 10.0 

pH 

Fig. 10. 1 ml. of enzyme solution and 0.2 ml. of 0.1 m buffer were adjusted to the 

proper pH, and 0.2 ml. of URO’gen at the same pH was added. Afterincubation, the 
pH was redetermined and, if no significant change had occurred, the solution was 

processed as described under ‘“‘Experimental.’’ Circled points, solution incubated 

aerobically for 3 hours at 38°, normalized to pH 6.5. Other points, solution plus 

5 X 10-* m GSH incubated for 4 hours anaerobically at 38°, normalized to pH 6.8. 

Two different enzyme preparations were used. 

limitations of the method of analysis. They do indicate that the apparent 

Michaelis constant is less than 5 X 10-® mM. Since intermediates do not ac- 

cumulate (see above), the first decarboxylation of URO’gen is essentially 

the rate-determining step. Neve, Labbe, and Aldrich, on adding URO’gen 
to lysed duck cells and measuring Fe** incorporation into heme, also found 

maximal activity at a URO’gen concentration of about 10-5 m (7). This 

may be due to substrate inhibition or to inhibition by partially oxidized 

porphyrins. It is not due to product inhibition, since the rates were linear 

for over 8 hours (Fig. 9) and added COPRO’gen at similar concentrations 

did not inhibit the reaction (Table V). 

Substrate—The substrate for this enzyme is clearly a reduced porphyrin 
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(Table III). URO is decarboxylated at less than 1/100th the rate of the 

URO’gen. Since some of the porphomethenes were usually present at 

the end of an incubation with the enzyme, the question of their activity as 

substrates arises. That they are not obligatory intermediates is shown 
by the following. (1) The direct isolation of COPRO’gen in over 90 per 

cent yield by ether extraction of short time incubations as described under 

“Experimental.” Four experiments showed that 25 + 8 per cent of this 

material was totally oxidized COPRO, the remainder having 5.5 + 06 

hydrogens by iodine titration. Furthermore, more COPRO was isolated 

from the mixture at the end of the incubation period than total porpho- 

methene and porphyrin present (Table III). The quantities of porphyrin 

and porphomethene were estimated spectrophotometrically and would have 

included any URO at these stages of oxidation. (2) The addition of 

sulfite or dithionite ions did not affect the rate of the decarboxylation (Ta- 

ble IV). Since these ions form tight complexes with the porphomethenes, 

the concentration of the porphomethenes is therefore not involved in a 

rate-determining step. All of this evidence indicates that the actual sub- 

strate is the totally reduced porphyrin, 7.e. the porphyrinogen. 

DISCUSSION 

The somewhat contradictory evidence concerning the intermediates in 

heme synthesis from porphobilinogen has been summarized in the Ciba 

Foundation symposium on porphyrin biosynthesis (27). Practically all 

the observations are easily reconciled with the actual intermediates being 
the porphyrinogens. The porphyrins produced on autoxidation are in- 

active in the enzyme systems and so accumulate. The amount accumu- 

lated will depend not only on the activity of the enzymes in the sequence 
but also on the amount of light present and on the presence of catalysts or 

inhibitors of the autoxidation. The autoxidation in vivo of these porphy- 

rinogens is probably not important in the bone marrow since this makes a 

reasonable dark room. In other cells and in plants, the autoxidation may 

be inhibited by antioxidants, e.g. GSH. If the enzymes involved have low 

Michaelis constants and high turnover numbers, the concentration of free 

porphyrinogens at any time will be very low. The apparent Michaelis 

constant for the rabbit URO’gen decarboxylase is <5 X 10-* M. 

Since the enzyme decarboxylates URO’gen I to form COPRO’gen I, the 

occurrence of COPRO I in chronic porphyria is readily explainable, assum- 

ing that the enzyme from human cells has the same properties. A defect 

must occur in the porphobilinogen condensation to give some of the I 

isomer. The amount of COPRO I formed will depend, inter alia, on the 

rate of autoxidation of URO’gen I. 

Since URO’gen is the actual substrate, we now have indirect evidence 
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that the product of the condensation of porphobilinogen is also URO’gen. 

Similarly, COPRO’gen would lead to protoporphyrin, and in fact we 

have directly confirmed this with preparations from red cells and Euglena 

(28). 
The porphyrinogens cannot bind metals since they are simply four 

pyrrole rings joined by four methane bridges. Therefore incorporation of 

metal into heme or chlorophyll must take place during or after the oxidation 

to porphyrins. In aqueous solution at pH 7, ferrous ion readily coordi- 
nates with monomolecularly dispersed porphyrins; but magnesium ion does 

not and a special mechanism may be required. 

If the byproduct of the photooxidation of porphyrinogens absorbing at 

635 mu could be shown to be a chlorin rather than an oxyporphyrin, this 

reaction might represent a step in the synthesis of chlorophyll. 

We wish to acknowledge the able technical assistance of Mrs. Annabelle 

Long and Mr. William Cumming. We thank Dr. 8. F. MacDonald and 
Dr. C. Rimington for the gift of some porphyrins, and Dr. A. Corwin for 

the sample of dipyrrylmethene. 

SUMMARY 

An enzyme preparation which converts uroporphyrinogen to copropor- 

phyrinogen has been isolated from rabbit reticulocytes by zone electro- 

phoresis on starch. Uroporphyrinogen I is decarboxylated at about one- 

half the rate of isomer III. Porphobilinogen, 6-aminolevulinic acid, and 

uroporphyrin are not decarboxylated by this preparation. 

The autoxidation of uroporphyrinogen is photocatalytic and is sensitized 

by the product, uroporphyrin. An intermediate stage in the oxidation of 

uroporphyrinogen characterized by intense absorption at 500 my is shown 

to have a dipyrrylmethene type structure. Evidence is presented that 

this “porphomethene”’ is not involved in the enzymic decarboxylation. 
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hydroxyproline and collagen, action, 

Gould, 637 

L-, D-galacturonic acid, and, forma- 

tion, comparative study, Loewus, 

Jang, and Seegmiller, 533 

—, kidney, metabolism, Burns, Kanfer, 
and Dayton, 107 

Ascorbic acid: L-, strawberries, sugars, 

carbon 14-labeled, conversion, Loe- 

wus and Jang, 505, 521 
Loewus, Jang, and Seegmiller, 

Aspergillic acid: Aspergillus flavus, anti- 

biotic substance, Dutcher, 785 
Hydroxy-. See Hydroxyaspergillic 

acid 
Aspergillus flavus: Aspergillic acid, anti- 

biotic substance, Dutcher, 785 

Atheroma(s): Lipides, component, com- 

position, fatty acid, Luddy, Barford, 

Riemenschneider, and Evans, 843 

B 

Bacteria: See Acetobacter, Aerobacter, 

etc. 

Bacterium: Marine, metabolism, sodium, 

function, MacLeod, Claridge, Hori, 
and Murray, 829 

Duda and Handler, 303 | Bean: Mung. See Mung bean 
Amphenone B: Microsomes, testicular, | Bipyridine: 2,2’-, respiration, mito- 

properties, enzymatic, effects, Lynn chondrial, inhibition, and phosphor- 
and Brown, 1005 ylation, oxidative, relationship, 

Amylase(s): a-, proteolytic attack, re- Yang, Yanasugondha, and Webb, 

sistance, Stein and Fischer, 867 659 

1171 
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Brain: Histochemistry, quantitative, | Collagen—continued: 

Buell, Lowry, Roberts, Chang, and sponge, subcutaneous, ascorbic acid, 
Kapphahn, 979 action, Gould, 637 

Ox, mucolipide, study, Rosenberg and 

Chargaff, 1031 

Cc 

Carbamyl-L-cysteine: S-, and amino 

acid analogue, inhibitory, Ravel, 

McCord, Skinner, and Shive, 

159 
Carbon: Propionate, amino acids, intact 

cows, transfer, Black and Kleiber, 

203 
Carbon chain: Origin, Rieder and Bu- 

chanan, 951 

Carbon tetrachloride: Mitochondrial 

swelling, osmotic, cause, Recknagel 

and Malamed, 705 
Carbon 28: Ergosterol, origin, Alexander, 

Gold, and Schwenk, 599 
Carboxylase: De-. See Decarboxylase 

Picolinic. See Picolinic carboxylase 

Carcass: Rats, normal and fasted, pal- 
mitic and stearic acids, distribution, 
Coniglio and Cate, 361 

Cardiac glycoside(s): See also Heart 

Cardiolipin: Substitutes, Baer and Buch- 
nea, 895 

Catabolism: Hemoglobin, Mills and 

Randall, 589 

Cell: Malignant, human, strain HeLa, 

glutaminase, Williams and Manson, 

229 
Cellulose: Acetobacter rylinum, extracts, 

cell-free, synthesis, Glaser, 627 
Cholesterol: Absorption, mechanism, 

Swell, Trout, Hopper, Field, and 

Treadwell, 1 

Desmosterol, skin, occurrence, in vivo, 

Stokes, Hickey, and Fish, 347 

Cholesterol-4-C": Dilution, endogenous, 

and esterification, Swell, Trout, 

Hopper, Field, and Treadwell, 1 

Coenzyme A: Inactivation, alloxan, 

Cooperstein and Lazarow, 695 

Methylmalonyl, isomerization, en- 
zymatic, Beck and Ochoa, 931 

Collagen: Biosynthesis, Gould, 637 

Formation, implants, polyvinyl, 

Hydroxylysine formation, hydroxyla. 

tion lysine, course, Van Slyke and 
Sinez, 797 

Conalbumin: Proteolysis, denaturation, 
thermal, and, metal complexes, re. 
sistance, Azari and Feeney, 293 

Conarachin II: Sodium oleate, interac. 

tion, Kinnear, Kelly, and Naismith, 

67 
Coproporphyrinogen: 6-Aminolevulinic 

acid, conversion, enzyme, Granick 
and Mauzerall, 1119 

Cysteine: S-Carbamyl-t-. See Car- 
bamyl]-.-cysteine 

D 

Deaminase: Glucosamine-6-phosphate, 
Comb and Roseman, 807 

Decarboxylase: Uroporphyrinogen, and, 
Mauzerall and Granick, 1141 

Dehydrocholesterol: 24-. See Desmos- 
terol 

Dehydroepiandrosterone: Plasma, hu- 

man blood, determination, Oertel 
and Eik-Nes, 543 

Dehydrogenase: Pseudomonas fluores- 

cens, Jakoby, 75 
Deoxypyridoxine: Methionine isomer, 

absorption, intestinal, effect, Jacobs 

and Hillman, 445 
Deoxyribonucleic acid(s): Escherichia 

coli, pyrimidine, introduction, 

study, Zamenhof, Rich, and De 
Giovanni, 651 

Deoxyribosyl compound(s): Tissues, ani- 

mal, Rotherham and Schneider, 

853 
Desmosterol: Skin, occurrence, and 

cholesterol, conversion, in vivo, 

Stokes, Hickey, and Fish, 347 
Diabetes: Picolinic carboxylase, in- 

crease, Mehler, McDaniel, and Hund- 

ley, 323 
See also Insulin 

Dimethylglycine: Metabolism, mito- 

chondria, liver, Mackenzie and Fri- 

sell, 417 

Egg: Y' 
enc 
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E 

Egg: Yolk, lipide, ethanolamine, pres- 
ence, Cartier, Smith, and Jones, 

681 

Enzyme(s): Amino  acid-activating, 
uterus, estradiol, effect, McCorquo- 

dale and Mueller, 31 

Glucose, metabolism, Buell, Lowry, 

Roberts, Chang, and Kapphahn, 
979 

Pancreatic, I!*!-thyroprotein, hydroly- 
sis, Tong and Chaikoff, 939 

Sulfhydry]-oxidizing, thiooxidase, 
Neufeld, Green, Latterell, and Wein- 

traub, 1093 

See Amylase, Carboxylase, etc. 

Enzyme A: Co-. See Coenzyme A 
Epimerase: L-Ribulose-5-phosphate 4-. 

See Ribulose-5-phosphate 4-epimer- 

ase 
Ergosterol: Carbon-28, origin, Alezander, 

Gold, and Schwenk, 599 
Synthesis, transmethylation, Alezan- 

der and Schwenk, 611 

Erythrocyte(s): 5-Aminolevulinic acid, 
formation, Granick, 1101 

Intact, hemoglobin, breakdown, oxi- 

dative, protection, Mills and Ran- 

dall, 589 
Porphyrin, biosynthesis, Granick, 

1101 

Granick and Mauzerall, 1119 

Mauzerall and Granick, 1141 

See also Hemoglobin; Leukocyte; 
Plasma 

Escherichia coli: Deoxyribonucleic acids, 

pyrimidine, introduction, study, 

Zamenhof, Rich, and De Giovanni, 
651 

Estradiol: Enzymes, amino acid-activat- 

ing, uterus, effect, McCorquodale and 

Mueller, 31 

Ethanolamine: Lipide, egg yolk, pres- 

ence, Carter, Smith, and Jones, 
681 

Ethionine: S-Adenosyl-. See Adenosyl- 

1173 

F 

Fasting: Fatty acid biosynthesis, res- 

toration, effect, Catravas and Anker, 

669 
Fat: Acetone-soluble, Mycobacterium tu- 

berculosis (Brevannes), constituents, 

chemistry, Noll, 919 

Noll and Jackim, 903 

Fatty acid: Biosynthesis, restoration, 

after fasting, Catravas and Anker, 

669 
Lipides, component, plasma and 

atheromas, composition, Luddy, Bar- 

ford, Riemenschneider, and Evans, 

843 

G 

Galacturonic acid: p-, L-ascorbic acid, 

and, formation, comparative study, 
Loewus, Jang, and Seegmiller, 533 

Glucomutase activity: Phospho-. See 
Phosphoglucomutase activity 

Gluconate: Phospho-. See Phosphoglu- 

conate 

Glucosamine: Formation, in vivo, bi- 
ological, Rieder and Buchanan, 

951, 959 
Glucosamine-6-phosphate: Deaminase, 

Comb and Roseman, 807 
Glucose: Enzymes, metabolism, Buell, 

Lowry, Roberts, Chang, and Kap- 

phahn, 979 

Uridine diphosphate. See Uridine di- 
phosphate glucose 

Utilization, rats, normal, insulin, 

effects, Levin and Weinhouse, 749 
Glucosidase: Aryl-8-. See Aryl-8-gluco- 

sidase 

B-, Myrothectum verrucaria, nature, 

Hash and King, 381 

Glucosyluronic acid: N-, conjugates, 

synthesis, enzymatic, Azelrod, Ins- 

coe, and Tomkins, 835 

Glucuronidase: 8-, renal, steroids and 

esters, enhancement, ability, Fish- 

man and Lipkind, 729 

Glutaminase: Cell, malignant, human, 

strain HeLa, glutaminase, Williams 

ethionine 

S-Adenosylethionine, and, inhibition, 

Parks, 169 and Manson, 229 
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Glutaminase—continued: 
Renal, purification and properties, 
Klingman and Handler, 369 

Glyceride(s): Phosphoglycolipides, and, 

Noll and Jackim, 903 
Glycine: Dimethy]l-. 

cine 

Glycogen(s): Isolation, acid and alka- 

line procedures, comparison, Stetten, 

See Dimethylgly- 

Kaizen, and Stetten, 475 
Phosphorylase reaction, molecular 

size, influence, Stetten and Stetten, 

489 
Glycoprotein(s): Synovial fluid, normal 

bovine, hexosamine, presence, Neu- 

haus and Leizring, 177 
Glycoside(s): Cardiac, urine, human, 

metabolites, presence, Ashley, 

Brown, Okita, and Wright, 315 

H 

HeLa: Strain, malignant cell, human, 

glutaminase, Williams and Manson, 

229 
HeLa cell(s): Poliomyelitis virus, in- 

fected, incorporation, nucleoside, 

Goldfine, Koppelman, and Evans, 

577 
Hemoglobin: Breakdown, oxidative, 

erythrocyte, intact, protection, 

Mills and Randall, 589 

See also Erythrocyte; Leukocyte; 
Plasma 

Hexosamine: Glycoproteins, synovial 

fluid, bovine, normal, presence, 

Neuhaus and Leizring, 177 
Histochemistry: Quantitative, brain, 

Buell, Lowry, Roberts, Chang, and 

Kapphahn, 979 
Hormone(s): Picolinic acid, tryptophan 

peroxidase, and, influence, Mehler, 
McDaniel, and Hundley, 331 

Hydrogenase: Alcohol de-. See Alcohol 

dehydrogenase 

De-. See Dehydrogenase 
Hydroxyaspergillic acid: Structure, 

Dutcher, 785 
Hydroxylysine: Formation, collagen, hy- 

droxylation lysine, course, Van 

Slyke and Sinez, 797 

INDEX 

Hydroxyproline: Formation, implants, 

polyvinyl sponge, subcutaneous, 

ascorbic acid, action, Gould, 637 

I 

Impatiens holstii: Uridine diphosphate 
glucose, formation, enzymatic, with, 
Ganguli, 337 

Indole acid(s): Urine, human, chroma- 
tography, Armstrong, Shaw, Gorta- 

towski, and Singer, 17 
Insulin: Glucose utilization, rats, nor- 

mal, effects, Levin and Weinhouse, 

749 
See also Diabetes 

Intestine: Rats, normal and fasted, pal- 

mitic and stearic acids, distribution, 

Coniglio and Cate, 361 

K 

Kidney: u-Ascorbic acid, metabolism, 

Burns, Kanfer, and Dayton, 107 

See also Diabetes 

Kinase: p-Xylulo-. See Xylulokinase 

L 

Leukocyte(s): Normal and leukemic, 
phosphogluconate pathway, oxida- 

tion, occurrence, Beck, 271 

Leukocyte cell. See also Erythrocyte 
Leukocyte glycolysis: Control, Beck, 

251 

Levulinic acid: 5-Amino-. See Amino- 
levulinic acid 

Linoleic acid: Oxidation, lipoxidase- 

catalyzed, induction period, and 

abolition, Haining and Azelrod, 
193 

Lipide(s): Component, plasma and 

atheromas, composition, fatty acid, 
Luddy, Barford, Riemenschneider, 

and Evans, 843 

Egg yolk, ethanolamine, presence, 

Carter, Smith, and Jones, 681 

Muco-. See Mucolipide 

Lipoic acid: Protein-bound, nature and 

reactions, studies, Reed, Koike, 

Levitch, and Leach, 143 

System, activating, studies, Reed, 
Leach, and Koike, 123 

Liver: Cé 

Mehl 
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Liver: Composition, enzymatic, changes, 
Mehler, McDaniel, and Hundley, 

323, 331 

Mitochondria, metabolism, dimethyl- 

glycine, use, Mackenzie and Frisell, 
417 

Pyridoxamine and pyridoxal phos- 
phates, oxidation, enzymatic, Pogell, 

761 

Rats, normal and fasted, palmitic and 
stearic acids, distribution, Coniglio 

and Cate, 361 

p-Xylulokinase, purification and prop- 

erties, Hickman and Ashwell, 
737 

Lysine: Hydroxy-. See Hydroxylysine 
Hydroxylation, collagen, hydroxyly- 

sine formation, course, Van Slyke 

and Sinezx, 797 

M 

Metabolism: Ammonia, in vivo, kinetics, 
Duda and Handler, 303 

Ascorbic acid, kidney, Burns, Kanfer, 

and Dayton, 107 

Dimethylglycine, mitochondria, liver, 
Mackenzie and Frisell, 417 

Steroid, studies, Wotiz, Sie, and Fish- 
man, 723 

Sterol, Stokes, Hickey, and Fish, 
347 

Metal complex(es): Conalbumin, trans- 

ferrin, and, proteolysis and denatu- 

ration, thermal, resistance, Azarz 

and Feeney, 293 

Methionine isomer(s): Absorption, in- 

testinal, deoxypyridoxine, effect, 

Jacobs and Hillman, 445 

Microsome(s): Testicular, properties, 

catalytic and adsorptive, Lynn, 

Brown, and Mullins, 995 

—, —, enzymatic, Amphenone B, ef- 

fects, Lynn and Brown, 1005 

Milk: Human, phosphatase content, 

Stwart, Paltou, and Kelly, 777 

Mitochondrial swelling: Osmotic, carbon 

tetrachloride and inorganic phos- 

phate, cause, Rechnagel and Malamed, 

705 

1175 

Mitochondrion: Liver, metabolism, di- 

methylglycine, use, Mackenzie and 

Frisell, 417 

Mucolipide: Brain, ox, study, Rosenberg 
and Chargaff, 1031 

Mung bean: Uridinediphosphate glucose 
pyrophosphorylase, purification, 

Ginsburg, 55 

Mycobacterium tuberculosis: Fat, ace- 
tone-soluble, constituents, chemis- 

try, Noll, 919 
Noll and Jackim, 903 

Myrothecium verrucaria: Filtrates, cul- 

ture, aryl-8-glucosidase, properties, 

Hash and King, 395 
8-Glucosidases, nature, Hash and King, 

381 

N 

Naphthoquinone: Derivative, crystalline, 
vitamin K2, isolation and proper- 

ties, Noll, 919 

Nitrogen atom: Origin, Rieder and Bu- 

chanan, 959 

Nucleic acid: Deoxyribo-. 

ribonucleic acid 

Nucleoside: HeLa cells, poliomyelitis 

virus, infected, incorporation, Gold- 

fine, Koppelman, and Evans, 577 

Nucleotide(s): Adenine. See Adenine 

See Deoxy- 

nucleotide 

Adenine ribo-. See Adenine ribonu- 

cleotide 

Oligoribo-. See Oligoribonucleotide 

Pyridine. See Pyridine nucleotide 

Oo 

Oleate: Sodium. See Sodium oleate 

Oligoribonucleotide(s): Phosphorolysis, 
polynucleotide, use, Singer, 211 

Ovary: Human, steroids, Zander, 
117 

See also Uterus 

Oxidase: Thio-. See Thiooxidase 

Oxidation: Aldehyde, Jakoby, 75, 89 

Phosphogluconate pathway, leuko- 

cytes, normal and leukemic, occur- 
rence, Beck, 271 

Pyridine nucleotides, reduced, Aka- 

zawa and Conn, 403 
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Pp Phosphorolysis: Oligoribonucleotides, 

Palmitic acid: Liver, intestine, carcass, — lase, polynucleotide, use, 

rats, normal and fasted, distribu- ~~? s 211 
tion, Coniglio and Cate, 361 Phosphorylase: Polynucleotide, phos. 

Pentose-1-C'4:; Strawberries, adminis- phoroly sis, oligoribonucleotide, use, 
tered, labeling patterns, Loewus and Singer, 211 
Jang, 521 Potato, polyphenols and potato com- 

Peptide: Strepogenin-active, and pep- 
tides, related, competitive inhibi- 
tion, Merrifield, 43 

Peroxidase: Pyridine nucleotides, re- 
duced, use, Akazawa and Conn, 

403 
Tryptophan. See Tryptophan perox- 

idase 

Phenanthroline: 1,10-, respiration, mito- 

chondrial, inhibition, and _ phos- 
phorylation, oxidative, relationship, 

Yang, Yanasugondha, and Webb, 

659 
—, yeast alcohol dehydrogenase, in- 

hibition, time-dependent, kinetics, 

Williams, Hoch, and Vallee, 

465 
—,— — —,, inhibition, instantaneous, 

kinetics, Hoch, Williams, and Vallee, 

453 

Phenol: Poly-. See Polyphenol 

Phosphatase: Pyro-. See Pyrophos- 
phatase 

Phosphatase content: Alkaline, milk, 

human, Stewart, Paltou, and Kelly, 

777 

Phosphate: Inorganic, mitochondrial 

swelling, osmotic, cause, Recknagel 

and Malamed, 705 
Pyridoxal. See Pyridoxal phosphate 
Pyridoxamine. See Pyridoxamine 

phosphate 

Uridinedi-. See Uridinediphosphate 

Phosphatidyl glycerol(s): Saturated and 

unsaturated, synthesis, Baer and 

Buchnea, 895 

Phosphoglucomutase activity: Tissue, 

assay, Bodansky, 859 

Phosphogluconate oxidation: Pathway, 

leukocytes, normal and leukemic, 

occurrence, Beck, 271 

Phosphoglycolipide(s): Glycerides, and, 

Noll and Jackim, 903 

ponents, influence, Schwimmer, 

715 

Trans-. See Transphosphorylase 

Uridinediphosphate glucose pyro-. 
See Uridinediphosphate glucose py- 
rophosphate 

Phosphorylase b: Properties, crystalline, 

Kent, Krebs, and Fischer, 549 

Phosphorylation: Oxidative, respiration, 

mitochondrial, inhibition, relation, 
Yang, Yanasugondha, and Webb, 

659 
Picolinic carboxylase: Diabetes, in- 

crease, Mehler, McDaniel, and Hund- 
ley, 323 

Hormones, influence, Mehler, Mce- 

Daniel, and Hundley, 331 
Piricularia oryzae: Polyporus versicolor, 

and, enzyme, sulfhydryl-oxidizing, 

thiooxidase, Neufeld, Green, Lat- 

terell, and Weintraub, 1093 

Plasma: Human, lipides, component, 
composition, fatty acid, Luddy, Bar- 

ford, Riemenschneider, and Evans, 

843 
See also Erythrocyte: Hemoglobin; 

Leukocyte 

Plasmin: Action, substrates, synthetic, 
rate, measurement, Roberts, 285 

Poliomyelitis virus: HeLa cells, infected, 
incorporation, nucleoside, Goldfine, 
Koppelman, and Evans, 577 

Polyphenol(s): Phosphorylase, potato, 

influence, Schwimmer, 715 

Polyporus versicolor: Piricularia oryzae, 

and, enzyme, sulfhydryl-oxidizing, 

thiooxidase, Neufeld, Green, Lat- 
terell, and Weintraub, 1093 

Porphyrin: Erythrocytes, biosynthesis, 
Granick, 1101 

Granick and Mauzerall, 1119 

Mauzerall and Granick, 1141 

Porphyrinogen: Copro-. See Copro- 
porphyrinogen 

Porphyri 
Uro-. 
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Porphyrinogen—continued: Ss 

Uro-. See Uroporphyrinogen 
Potato component(s): Phosphorylase, Skin: Desmosterol, occurrence, and 

potato, influence, Schwimmer cholesterol, conversion, in vivo, 
‘ ‘ : Stokes, Hickey, and Fish, 347 

715 

Progesterone: Androgens, conversion, 
testes, Lynn and Brown, 1015 

Proline: Hydroxy-. See Hydroxyproline 
Propionate: Carbon, amino acids, intact 

cows, transfer, Black and Kleiber, 
203 

Propionic acid: Tissue, animal, metab- 

olism, Beck and Ochoa, 931 

Protein: Glyco-. See Glycoprotein 

['-Thyro-. See Thyroprotein 

Proteus vulgaris: Diphosphopyridine 
nucleotide pyrophosphatase, heat- 

inactivated, Swartz, Kaplan, and 
Lamborg, 1051 

Pseudomonas fluorescens: Dehydro- 
genase, Jakoby, 75 

Pteridine(s): Nature, inhibitory, stud- 

ies, Doctor, 617 

Purine antagonist(s): Determination, 
colorimetric method, Loo and 

Michael, 99 
Pyridine: 2,2’-Bi. See Bipyridine 

Pyridine nucleotide(s): Reduced, per- 

oxidase, use, Akazawa and Conn, 

403 

Pyridoxal phosphate: Pyridoxamine 
phosphate, liver, oxidation, en- 

zymatic, Pogell, 761 

Pyridoxamine phosphate: Pyridoxal 

phosphate, liver, oxidation, en- 
zymatic, Pogell, 761 

Pyridoxine: Deoxy-. See Deoxypyri- 

doxine 
Pyrimidine(s): Deoxyribonucleic acids, 

Escherichia coli, introduction, study, 

Zamenhof, Rich, and De Giovanni, 
651 

Pyrophosphatase: Diphosphopyridine 

nucleotide, heat-inactivated, Pro- 
teus vulgaris, Swartz, Kaplan, and 
Lamborg, 1051 

R 

Ribulose-5-phosphate 4-epimerase: L-, 

identification and properties, Wolin, 

Simpson, and Wood, 

Sodium: Marine bacterium, metabolism, 

function, MacLeod, Claridge, Hori, 
and Murray, 829 

Sodium oleate: Conarachin II, interac- 

tion, Kinnear, Kelly, and Naismith, 
67 

Sphingomyelin: Preparation, simplified, 
Rapport and Lerner, 63 

Stearic acid: Liver, intestine, carcass, 

rats, normal and fasted, distribu- 

tion, Coniglio and Cate, 361 

Steroid(s): Esters, and, 8-glucuronidase, 

renal, enhancement, ability, Fish- 

man and Lipkind, 729 
Ovary, human, Zander, 117 

Sterol(s): Yeast, biogenesis, Alexander, 

Gold, and Schwenk, 599 

Alexander and Schwenk, 611 

Strawberry: .u-Ascorbic acid, sugars, 

carbon 14-labeled, conversion, Loe- 
wus and Jang, 505, 521 

Loewus, Jang, and Seegmiller, 

533 

Pentose-1-C!*, administered, labeling 
patterns, Loewus and Jang, 521 

Strepogenin: Activity, peptide, and pep- 
tides, related, competitive inhibi- 

tion, Merrifield, 43 

Substrate(s): Oxidation, biosyntheses, 

reductive, coupling, Hoberman, 
9 

Sugar(s): Carbon 14-labeled, L-ascorbic 
acid, strawberries, conversion, Loe- 

wus and Jang, 505, 521 

Loewus, Jang, and Seegmiller, 533 

Free, labeling patterns, Loewus and 

Jang, 505 

Sulfhydryl group(s): Dehydrogenases, 

juxtaposed, Jakoby, 89 

Synovial fluid: Bovine, glycoproteins, 
hexosamine, presence, Neuhaus and 

Letzring, 177 

r 

Testis: Progesterone, androgens, con- 

version, Lynn and Brown, 1015 
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Thiooxidase: Enzyme, sulfhydry]-oxidiz- 
ing, Piricularia oryzae and Poly- 
porus versicolor, Neufeld, Green, 

Latterell, and Weintraub, 1093 

Thyroprotein: Iodine 131, enzymes, pan- 

creatic, hydrolysis, Tong and Chai- 

koff, 939 

Tissue(s): Animal, compounds, deoxy- 

ribosyl, Rotherham and Schneider, 

853 
—, metabolism, Beck and Ochoa, 931 

Phosphoglucomutase activity, assay, 

Bodansky, 859 

Transferrin: Proteolysis, denaturation, 

thermal, and metal complexes, re- 
sistance, Azari and Feeney, 

293 
Transmethylation: Ergosterol, synthesis, 

Alexander and Schwenk, 611 

Transphosphorylase: Adenosine  tri- 
phosphate-adenosine monophos- 

phate, Noda, 237 

Triose phosphate: Synthesis, reductive, 

substrate specificity, evidence, Ho- 

berman, 9 

Tryptophan peroxidase: Hormones, in- 

fluence, Mehler, McDaniel, and 
Hundley, 331 

U 

Uracil derivative(s): Acetylated, labile, 

Spector and Keller, 185 

Uridine diphosphate: Galactose pyro- 

phosphorylase, mammalian, I[ssel- 

bacher, 429 

Uridine diphosphate glucose: Forma- 

tion, enzymatic, with Impatiens 

holstii, Ganguli, 337 

Uridinediphosphate glucose pyrophos- 

phorylase: Mung bean seedlings, 

purification, Ginsburg, 55 

INDEX 

Urine: Human, glycosides, cardiac, me- 
tabolites, presence, Ashley, Brown, 

Okita, and Wright, 315 
—, indole acids, Armstrong, Shaw, 

Gortatowski, and Singer, 17 

Uronic acid: N-Glucosyl-. See Gluco- 
syluronic acid 

Uroporphyrinogen: Decarboxylase, and, 
Mauzerall and Granick, 1141 

Uterus: Enzymes, amino acid-activating, 

estradiol, effect, McCorquodale and 
Mueller, 31 

See also Ovary 

Vv 

Vitamin A: Esterification, enzymatic, 

Krinsky, 881 
Vitamin K,: Naphthoquinone deriva- 

tive, crystalline, isolation and prop- 

erties, Noll, 919 

x 

Xylulokinase: p-, liver, purification and 
properties, Hickman and Ashwell, 

737 

¥ 

Yeast: Sterols, biogenesis, Alezander, 

Gold, and Schwenk, 599 

Alexander and Schwenk, 611 
Yeast alcohol dehydrogenase: 1,10- 

Phenanthroline, inhibition, instan- 
taneous kinetics, Hoch, Williams, 

and Vallee, 453 

—, —, time-dependent, kinetics, 

Williams, Hoch, and Vallee, 465 

Z 

Zinc: Dehydrogenases, alcohol, role, 

Hoch, Williams, and Vallee, 453 

Williams, Hoch, and Vallee, 465 
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NOTICE TO ALL AUTHORS AND SUBSCRIBERS 

Publication of the Journal in New Format 

Beginning with the issue of July 1958, the Journal will appear in a new 

format, with pages 84” x 11” (21.5 cm. x 27.5 em.), printed in two columns 

per page instead of one. Figures and tables should ordinarily be designed 

to fit into one column 33” x 93” (8.5 cm. x 23. cm.) of the new format but 

in special cases they may be printed so as to extend across the width of 

the entire page. 

The last six numbers of the Journal in 1958 will be treated as a single 

volume which can be bound in two units of three numbers each. The av- 

erage amount of material published in each issue of the Journal will prob- 

ably remain about the same as at present and may increase slightly. The 

charges per issue and per year will remain the same as those now in effect. 

Beginning in January 1959 all numbers of the Journal in a given calen- 

dar year will be counted as consisting of one volume, with page numbers 

running continuously from the beginning to the end of that volume. It 

will be designed for binding in four units of three issues each. A title 

page for each unit will be provided with the December issue. There will 

be a single author and subject index at the end of each calendar year; an 

author index will also be included in each issue, in addition to the table of 

contents of that issue. 
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INSTRUCTIONS TO AUTHORS 

Prior Publication 

Submission of a manuscript to the Editor involves the tacit assurance that no 

similar paper, other than an abstract or preliminary report, has been, or will be sub- 
mitted for publication. 

Form and Style of Manuscript 

Carelessness in the preparation of a manuscript only leads to delay in publica- 

tion and to waste of time on the part of Editors and referees. An improperly pre- 
pared manuscript must be returned to the author for correction of technical faults 

regardless of its scientific merit. Accordingly, it is important that all contributions 
should be carefully examined before being submitted, to make sure that they con- 

form as closely as possible to the following instructions. 

Manuscripts should be typed with double or triple spacing throughout (including 

references), and the original copy should be submitted along with one clear carbon 

copy. Before the manuscript is mailed to the Editor all errors in typing should be 

corrected, and the spelling of proper names and of words in foreign languages, the 
accuracy of direct quotations and bibliographic references, and the correctness 

of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, and ambiguous statements must be avoided. Since the Journal 

is read by scientists in foreign countries, technical neologisms and “laboratory slang”’ 

should not be used; when unavoidable, such terms should be defined. Variations 

from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 

be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. A number 
of capital letter abbreviations for substances which are frequently referred to in 

biochemical publications are widely used and generally understood. However, 

there is a tendency on the part of some authors to create new and unfamiliar ab- 

breviations. A new or unusual abbreviation should be employed only when a sub- 

stantial saving of space can be demonstrated to have been effected, and all abbrevia- 

tions must be defined in a preliminary footnote, placed at the beginning of the paper. 

No abbreviations should be used in the summary. Separate sheets should be used 
for the following: (a) title, (b) author(s) and complete name of institution or labora- 
tory, (c) running title, (d) references, (e) footnotes, (f) legends for figures, (g) tables, 
and (h) other subsidiary matter. When an elaborate mathematical or chemical for- 

mula (one which cannot be printed in single horizontal lines of type) appears in 

the text, a duplicate of it should be typed on a separate sheet. All such supple- 

mentary sheets, except the title, author(s), and running title pages, should follow 

the text, and all sheets should be numbered in succession, the title page being page 

one. Manuscripts that do not conform to these instructions will have to be cut 
and rearranged by the printer so that the matter to be set in different type sizes 
can be separated. 

Title 

The title should be as short as is consistent with clarity; in most instances two 

printed lines are adequate to give a clear indication of the subject matter of the 

paper. The title should not include chemical formulas or arbitrary abbreviations, 
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but chemical symbols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 60 characters and 
spaces). 

Organization of Manuscript 

A desirable plan for the organization of a paper is the following: (a) Introductory 

statement, with no heading, (b) ‘‘Experimental Procedure’’ (or ‘“‘Methods’’), (c) ‘‘Re- 

sults,’’ (d) “‘Discussion,’”’ (e) “‘Summary,’”’ (f) “References.’? The approximate lo- 

cation of the tables and figures in the text should be indicated in the margin. Any 

general acknowledgments that are to be made should be placed after the Summary, 

just preceding the References. Mention of more specific instances of acknowledg- 
ment may be made in footnotes. 

(a) The introductory paragraphs should state the purpose of the investigation 
and its relation to other work in the same field, but extensive reviews of the litera- 

ture should not be given. A brief statement of the principal findings is helpful to 
the reader. 

(b) The description of the experimental procedures should be as brief as is com- 

patible with the possibility of repetition of the work. Published procedures, un- 
less extensively modified, should be referred to only by citation in the list 
of references. 

(c) The results are customarily presented in tables or charts and should be de- 
scribed with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The references should conform in all details to the style used in current issues 

of the Journal. In the case of books, the authors’ names with initials, the title in 

full, the edition if other than the first, the publisher, the place of publication, the 

page, and the year of publication should be cited, in this order. Responsibility 

for the accuracy of bibliographic references rests entirely with the author; all ref- 

erences should be confirmed by comparison of the final manuscript with the original 
publications. Mention of “‘unpublished experiments,” ‘‘personal communications,’’ 
etc., must be made in footnotes, and not included in the References. References to 
papers which have been accepted for publication, but which have not appeared, 

should be cited just as other references, with the abbreviated name of the journal 

followed by the words “‘in press.’’ If the paper submitted is one of a series, refer- 

ence to the immediately preceding paper should be included. It is advisable that 

copies of such papers be submitted to the Editors whenever the findings described 

in them have a direct bearing on the paper for publication. 

Chemical and Mathematical Formulas 

Reference in the text to simple chemical compounds may be made by the use of 

formulas when these can be printed in single horizontal lines of type. The use of 

structural formulas in running text should be avoided. Chemical equations, struc- 

tural formulas, and mathematical formulas should be centered between successive 

lines of text. Unusually complicated structural formulas or mathematical equa- 

tions which cannot conveniently be set in type should be drawn in India ink on a 

separate sheet in form suitable for reproduction by photoengraving (example, J. 
Biol. Chem., 228, pp. 612, 630, 714, 753 (1957)). 

Tables 

For aid in designing tables in an acceptable style, reference should be made to 

current issues of the Journal. A table should be constructed so as to be intelligible 

an @! 

of a 

tion 
of ic 

and, 

by 1 

stan 

nific 
acc 

qu 

tol 

aoe oe &F Be 



led 
2nd 

ry 

lo- 

XUM 

THE JOURNAL OF BIOLOGICAL CHEMISTRY or 

without reference to the text. Only essential data should be tabulated. Every table 

should be provided with an explanatory caption, and each column should carry 

an appropriate heading. Units of measure must always be clearly indicated. If 
an experimental condition, such as the number of animals, dosage, concentration 

of a compound, etc., is the same for all of the tabulated experiments, this informa- 

tion should be given in a statement accompanying the table, and not in a column 

of identical figures in the table. 
The presentation of large masses of essentially similar data should be avoided, 

and, whenever space can be saved thereby, statistical methods should be employed 

by tabulation of the number of individual results and the mean values with their 

standard deviations or the ranges within which they fall. A statement that a sig- 

nificant difference exists between the mean values of two groups of data should be 
accompanied by the probability derived from the test of significance applied. 

Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as in a table and a line figure. 

Illustrations 

The preparation of illustrations is particularly important, and authors are re 

quested to follow carefully the directions given below. In case of doubt, the Edi- 

torial Office will gladly supply specific information. 
It is helpful to the Editorial Office if all charts and drawings are submitted on 

sheets 8$ X 11 inches in size. Large sized drawings or those much smaller than 

manuscript sheets are difficult to handle and the Editor reserves the right to return 
unsuitable drawings to the author with a request for new drawings which conform 
with the requirements for publication. 

Drawings that have been prepared for presentation as lantern slides are frequently 

unsuitable, since the artist is often instructed to include information which should 

properly appear in the legend of the published figure. 

Charts should be planned so as to eliminate all waste space and, when several 

figures are submitted, should be designed so that two figures can be printed side 
by side where appropriate. In general, only one figure should be drawn on a sheet, 

and ample margin should be provided for labeling and for instructions about re- 
production added in the Editorial Office. All drawings should be prepared in the 
same style with respect to lettering, weight of lines, indications of points of obser- 

vation, etc. 

The scales used in plotting the data should be so chosen as to avoid waste of space, 

especially vertical space. Tall narrow drawings should be avoided as should also 

low wide drawings. Curves that can be placed on one chart without undue crowd- 

ing should not be given in separate charts. The drawings should be made on Bristol 

board, blue tracing cloth, or on coordinate paper printed in light blue. Mounting 
on heavy cardboard is undesirable. Photoengravings made from photographic 

prints are inferior to those prepared from the original drawings, which should, there- 

fore, be submitted whenever possible. If it is necessary to submit photographic 

prints because of the excessive size of the originals, these should be carefully pre- 

pared. All parts of the chart should be in even focus, and rules and lettering should 

be fairly thick, as well as large enough for the necessary reduction. When over- 

sized original drawings are submitted, a set of small photographic prints must also 
be included for the use of referees. A duplicate set of figures must accompany the 

carbon copy of the manuscript. These need not be of the same quality as the original 

figures intended for publication, but must be clear and legible for the use of referees. 

All charts should be ruled off on all four sides close to the area occupied by the 

curves, and descriptive matter placed on the ordinate and abscissa should not ex- 
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tend beyond the limits of these rules. Black India ink should be used throughout. 
Letters and figures should be uniform in size and style and large enough so that no 
character will be less than 1.5 mm. high after reduction. As a rule, the printed 
figure is one-half or one-third the size of the original drawing, but oversize drawings 

must be reduced still further. Drawings which contain letters or characters which 

do not permit of such reduction must be returned to the authors with a request that 
the size of the lettering be increased. 

The scales used in plotting the data should be indicated by short index lines per- 

pendicular to the marginal rules of the drawings on all four sides, unless more than 
one scale is used on the ordinates, at such intervals that interpolation will permit 

reasonably accurate evaluation of experimental points. Points of observation 

should be indicated by symbols drawn with instruments. The significance of the 
symbols should be explained on the chart or in the legend. If they are not explained 

on the face of the chart, only standard characters, of which the printer has type, 

should be employed (X, O, @, 0,m, A, A, ®). 
Photographs submitted for half-tone reproduction should be printed on white, 

glossy paper. The cost of half-tone reproductions will be charged to the authors. 
Each chart, graph, and illustration should be clearly identified with a soft pencil 

on the margin, with the authors’ names, the number of the figure, and, if necessary, 

an indication of “‘top.’? Each figure must have an explanatory legend. Legends 
should not be attached to or written on the illustration copy. 

Proof-Reading 

Authors are responsible for the reading of galley proof. When printers’ errors 

are discovered they should be marked in red on the proofs. Changes made by the 
authors should be marked in black. The cost of changes, other than correction of 

printers’ errors, will be charged to authors. Changes of text made in galley proof, 

other than printers’ errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or trivial changes will 

not be accepted by the Editor. Newly obtained data cannot be inserted. How- 

ever, where the desirability or necessity of the addition of a “note added in proof” 

can be demonstrated to the satisfaction of the Editor, the manuscript of such a note 
may be attached to the proof which must then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to the address given 

on the return envelope enclosed with the proofs. After June 30, 1958, this address 
will be: 

Redactory 

The Williams & Wilkins Company 

Mount Royal and Guilford Avenues 
Baltimore 2, Maryland. 

Reprints 

Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 

to the order form submitted with the proof. The total number of reprints must be 

ordered when galley proof is returned. Reprints are made at the time the Journal 

is printed and the type is destroyed at once. Therefore, additional reprints cannot 

be supplied after an issue of the Journal is printed except by a photo-offset method. 

The cost of such reproduction is many times greater than that of reprints printed 
from the original type. 
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matic; no hympn intervention or supervision. 
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~ There's a brochure which explains the Autog 
e lyzer principle, detailing operation and meth 
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For the thousand-and-one substances for which biological 

are analyzed ... blood glucose, blood urea nitrogen, cald 

alkaline phosphatase, chlorides, etc. Reproducibility, app 

mately 1%. Elapsed time-per-test, as little as one minute. 

ampling by direct aspiration from circulatory (or other) s 

of a living organ, with continuous analysis and recordi 

phenomena like rate absorption or excretiongof drugs, chang 

oncentration levels of blood urea nitrogen, blood glucose 

ompletely automatic operation 

Only human participation is initial setting up of test. Autoan¢ 

then takes over; introduces correct proportions of material 

reagents, passes them through the train of analytical eve 

. mixing, dialyzing, separation, heating, color-measuring, e 

rds test results as logarithmic or easy-reading linear g 

‘OMdigital read-out tapes. Selectable choice of 20, 40, 

Hate tests-per-hour, depending on nature of test. Repr¢ 

proximately 1%. 
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Plus a selection of more than 

160 different C'* compounds in 50 microcurie 

AEC license exempt quantities 

NUCLEAR-CHICAGO 

ELIMINATES RADIOCHEMICAL DELAYS, 

RED TAPE, AND UNCERTAINTIES 

Now, for the first time anywhere, Nuclear-Chicago offers you convenience 
and service in radiochemical compounds unequalled in the nucleonic field. 
We guarantee 24 hour shipment on most C" reagents, ship ail compounds by 
air prepaid, give liberal discounts on quantity purchases, and offer hundreds 
of research quality C'*, S*, and P* compounds—many in license exempt 
50 microcurie quantities. 

MANY NEW COMPOUNDS OFFERED 

Complete list of Nuclear-Chicago RESEARCH QUALITY reagents includes 
42 new Carbon-14 compounds (including labelled steroids, progesterone 
and testosterone at high specific activity and sugars labelled in various posi- 
tions), 47 new Sulfur-35 compounds and 35 new Phosphorus-32 compounds. 

WHAT IS “RESEARCH QUALITY''? 

We have always served you with radiochemicals of exceptionally high qual- 
ity. Out of thousands of shipments over the past five years, we have been 
questioned on quality only six times... and only three of those questions 
were found to be justified. Through painstaking analysis and re-analysis we 
have succeeded in raising our standards of purity still higher. Now, all 
Nuclear-Chicago radiochemicals are labelled “RESEARCH QUALITY”... 
your guarantee against impurity-induced errors in your research. 
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compounds 24 hours 

QUALITY CONTROL FOR NUCLEAR-CHICAGO 

“RESEARCH QUALITY” REAGENTS 

We have continued our policy of providing chemical items only from our own 
laboratories or from the Radiochemical Centre, Amersham, England. This 

policy gives us absolute control over quality and purity and guarantees 
against delays caused by the prevalent practice of printing 
an “availability list’? and depending on miscellaneous sup- 

nce pliers to fill an order. RESEARCH QUALITY reagents 
Id. are available only from Nuclear-Chicago. They are not 

by discounted to other suppliers. 
ds 

pt 
NEW DISCOUNT SCHEDULE 

The new discount schedule means real savings to you when 
you order larger amounts of material. When you order 
more than one package size of the same item, your discount is: 

les Ds ovrcb Wee bit esos 10% discount 
ne NOUN 3s at deen 34s 0% Oe 20% discount 

31- DO I MIE. 8 bbe seek Kdades 25% discount 
s. This new discount schedule provides substantial savings to you, even at the 

one-millicurie level. 

WRITE FOR NEW PRICE LIST, NEW CATALOG 

Write TODAY for the complete new C, S*® and P® Radiochemical Price 
Schedule ‘‘C”’ listing guaranteed delivery dates, license exempt compounds and 
quantity discounts of each RESEARCH QUALITY compound. You will also 
be interested in the new Nuclear-Chicago Catalog “Q” giving complete 
specifications and performance information on our newly-designed line of 
precision radiation measuring instruments. Just ask for it. 
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ethylene sulfide 

put your polymer success stories. Polyethylene- 
CH.CH.S—)n is one that never made good. 

want of trying. Been subject of much litera- 
suitable solvents. Monomer, ethylene sul- 

« _ is clear, volatile liquid (BP 56). 

s 
stay that way long. Maybe a day if you play 
ds right. Used to be prepared by reacting 

pethylmercaptan with sodium bicarbonate. 

sulfide has to be fractionated from the water. 

of it polymerizes on the way. Russians do it by 
g ethylene oxide with potassium thiocyanate. 
drawn out and messy. Tried it here and got no- 
Mnear the 25-50% yields they claim. May be 

ay, spent long time looking for better idea. 
up inventing “new composition of matter.” 

t Ethylene Monothiocarbonate. Nice, smelly but 
liquid. Keeps long time below 200 C. Get it 
ot and presto, ethylene sulfide. So: 

wae CH.—CH; 
/ + 0 | 

Ss \ 7 

b 
{ yield. 
ylene sulfide long considered sine qua non of 
aptoethylation. Now you can mercaptoethylate 

. Life thus made simpler, more satisfying, safer 
huse at temperature required for attachment of 
H.CH.SH group, ethylene sulfide is far above 
ling point but Ethylene Monothiocarbonate is not. 
hction proceeds peaceably without pressure plumb- 
and all that jazz. Mercaptoethylation might be 

shed onward and onward. Viz., 

4 BNI CHCl > RN—CH.CHSH+C0, } 
toluene S s solvent - 

contnd Cc + S oO 

>s, smo b ¥ 
ty as the 

4 
: 

0 
e R.N—CH,CHS—CH.CH.SH+C0,4 2. 

+ und so weiter 

note cm Long polyethylenesulfide side chains have been 

ed onto NH, or SH groups of proteins and onto 

OH groups of cellulose. Also talk in literature of 
ining natural polymer chains with polyethylene- 

hice is subject to change without notice. 
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sulfide chains formed in situ but not bonded to them. 
Glad to sell you Ethylene Monothiocarbonate. From 

$5.15 for 10 grams on up in quantity and down in 
price. Ask for Eastman 7367. 

Unfetid imagination 
Across the continent year in and year out rumble the 
trucks and boxcars bringing to our parent silver ingots 
for his photographic emulsions. Nobody is as inter- 

ested in silver as he. At this year’s Pittsburgh Con- 
ference on Analytical Chemistry, three of his chem- 
ists told how rapidly, simply, and well-nigh auto- 
matically they titrated it using a silver sulfide-calomel 
electrode pair with a solution of Thioacetamide | 
(Eastman 1719), the unfetid, up-to-date source of sul- 

fide ion for the analyst. They have worked the method 
with mercury as well. The mercury is complexed by 
ethylenediaminetetraacetate, the silver by thiosulfate. 
If some other heavy metal meant as much to you as | 

silver and mercury do to these chaps, you would ask | 
us for an abstract of their presentation and then try 
to imagine the proper indicator electrodes for your 
metal. 

Glucosamine 

Because of an item we read in the Wall Street Journal 
recently, a copy or abstract of which we refuse to 
supply, we predict that this year will see an upsurge 

of interest in the biochemistry of glucosamine. 
This amine sugar is easy to prepare. The classical 

starting material is chitin, and the essence of the’ 
method is acid hydrolysis. Chitin can be obtained in 
several ways. Perhaps the most efficient of these is to 

go around to the back door of the most prosperous 

sea food restaurant within easy reach and talk to the . 
official in charge of the garbage cans about a deal for ' 

his vacant lobster shells. A slower method is to put 

shrimp on the family menu as often as necessary and 
save the peelings. Investigators with a distaste for sea 

food can get their chitin at this season of the year by 
putting a corps of small boys to work hunting June 
bugs (May bugs, that is, in the South). 

For those who shun behavior tending to mark them 
as colorful scientific personalities, there is still another 
alternative. They can purchase ready-purified D-Glucos- 
amine Hydrochloride as Eastman 644. Foreseeing the: 

demand from the shy ones, we have laid in a stock of 

clean chitin that looks like breakfast food or perhaps 

fingernail clippings. 

Each one of the 3600 or so Eastman Organic Chemicals available fror 

Distillation Products Industries, Rochester 3, N. Y., has its own story 

Eastman Organic Chemicals 
Also...vitamins A and E in bulk...distilled monoglycerides 

Distillation Products Industries is « division of Eastman Kodak Company 
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in Editorial 

_ A forward step 
I dvances in the diagnosis and treatment of dis- 

s have increased the importance of biochemical 

terminations. Yet, biochemical techniques have 

ot always advanced at the same rate. 

I 

» facilitate such advances in diagnosis, increased 

uracy is necessary. This is being approached in 

0 ways. 

first, the degree of accuracy of usual methods is 

ing questioned. Professional associations in the 

laboratory field are currently re-evaluating meth- 

ods and recommending those which are superior. 

|Seeond, increased attention is being given to the 

importance of routinely using reference standards, 

os anions method is used. Reference standards are 

required to calibrate instruments and prepare 

curves. They are needed to control the method used. 

Now, a group of prominent laboratories has ques- 

tioned the reliability of usual reference standards 

themselves. These investigators feel that, to be 

trusted, the reference standard must closely dupli- 

cate the unknown. It must be reliable without 

question. It must be adequately stable. 

Their field testing of the reference standard, 

e Versatol, under routine conditions, proved this 

lis: | material ideal. To the credit of the six participat- 
lu. f. . , f Peat 
cg. | ing laboratories is their admission of repeated 

variance in results from the values given for 

Versatol. Recheck in every case proved malfunc- 

is tioning instruments or reagents, rather than 

of # Versatol in error. Such open-minded routine use 

, of Versatol in all laboratories can help in obtain- 

ing higher levels of accuracy in biochemical 

determinations. 
n- 
ng 
a 

| WVersatol 
TRADEMARK 

Chemists repori 

new means 

to avoid errors 
Six Leading Clinical Chemists 

Collaborate In Evaluation 

New York, June, 1958—T 

June issue of the journal, Cl: 

ical Chemistry, carries the fir 

report of an extensive stu 

evaluating reference standa1 

for use in biochemical det 

minations. 

Directors of the clinical che 

istry laboratories of six N 

York hospitals participated 

a collaborative study to det 

mine the requirements for 

ideal clinical chemistry conti 

Warner-Chilcott’s Versatol v 

evaluated against these 

quirements. 

Versatol was subjected to ri; | 

tests for reliability, reprod 

ibility and stability. It was a 

checked for chemical and ph 

ical similarity to serum. 1 

results were statistically ev 

uated. 

The study showed that Verse 

meets all of the requireme 

of the ideal reference stand: 

for biochemical procedures ¢ 

is far superior to all materi 

previously evaluated. 

ORY SUPPLY DIVISION « WARNER-CHILCOTT, morris PLAINS, N 



NEW, VERSATILE LABORATORY AIDS. THAT SAVE TIME AND LABC 

nm (CHLORIDOMETER 
COTLOVE* For the analysis of serum, urine, and tissue extracts; syno- SENSITIVE 

vial, spinal, gastro-intestinal, and other body fluids; sweat, ACCURATE 

pleural effusions, and other exudates and transudates; brine; 

and dialyzates. 

MORE RAPID — MORE SENSITIVE AND ACCURATE — SIMPLER TO USE 

THAN ANY OTHER COLORIMETRIC OR ELECTROMETRIC METHOD 

AUTOMATIC TITRATION. 

IN 6 STEPS AND IN LESS THAN 60 SECONDS 
The Chloridometer is a new in- SET ADJUSTABLE POINTER wien wien TIMER STOPS 

; TO 10 DIVISIONS ABOVE IM AUTOMATICALLY, strument for automatic and accurate quncaTecs POINTER TO ZERO RECORD SECONDS 

determination of chloride concentra- 

tion and is potentially adaptable to 

bromide, iodide, and _ sulfhydryl 

groups. In a proving out period of 

more than a year at the National 

Institutes of Health, the Johns Hopkins 

Medical School, and other research 

centers, the Chloridometer showed 

important advantages of sensitivity 

and simplicity over the commonly em- 

ployed colorimetric and electrometric 

methods. The instrument uses an 

amperometric end-point to obtain 

automatic shut-off at a pre-set incre- ® © 
ae PLACE SAMPLE TURN SWITCH TURN SWITCH SELECTED 

ment of indicator current. Generator 1N POSITION TO ADJUST" (No.l) TO"“TITRATE"(No.2) TITRATION RANGE 

electrodes in the coulometric circuit PRICE: 

release silver ions into the titration 

lution at a constant rate. When all 

chloride is precipitated, the increas- 

ing concentration of free silver ion 

causes a rising current to flow through 

the indicator electrodes and the pre- 

set meter-relay stops the timer, which 

runs as silver ions are generated. 

Since the rate of generation of silver 

ion is constant, the amount of chloride 

precipitated is proportional to the 

elapsed time. 

Complete as shown and ready for operation, with 

set of silver electrodes and one oz. pure silver wire, 115 
volts, 60 cyclesac, AGH 

For models with other voltage and current ratings 

and for complete performance data, specifications, and 

description of optional accessories, such as automatic 

dispensing pipette-buret, send for Bulletin 4A-2000. 

DELIVERY: 30 days from date of order. 

ACCURACY 

+ .5 per cent, better than + .1 per cent 
under optimal conditions 

SENSITIVITY 

0.25 microequivalent 

SAMPLE SIZE 

0.01 ml or more with + .5 per cent 
accuracy, smaller amounts with dimin- 
ished accuracy 

Mey 

LABORATORY GLASS & INSTRUMENTS ote) ig 

514 West 147th Stree * New York 31, N. Y 

Telephone: ADirondack 4-2626 

aan 

SETTERS: = SRNR HES I 
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\ | Your order \\ 

will be , 

shipped... 

THAT 

QUICK! 

IS 
TOPS 

When it’s a question of time... 

and it usually is... you can always rely upon 

NUTRITIONAL BIOCHEMICALS CORPORATION. 

athens ~ 

“ Most orders are shipped the same day that they 

are received. 

« Over 225 Amino Acids «+ Miscellaneous Bio- « Steroid Hormones 
chemicals 

« Over 90 Peptides ¢ Biological Salt 
’ ¢ Vitamins Mixtures 

| + Over 200 Nucleo- E ¢ Enzymes 
: proteins, Purines, " ¢ Biological Test 

Pyrimidines ¢ Growth Factors Materials 

( 

NUTRITIONAL 

BIOCHEMICALS 

CORPORATION 

21010 Miles Avenue ... Cleveland 28, Obio Write For 
New Catalog 

May, 1958 

Over 2300 Items 

Write Dept. 104 
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NOW READY! 

SCHWARZ ae RA 
| PRICE LIST | 

of Biochemicals 

1958 Edition 

Some SCHWARZ 

Biochemicals for Industry and Research 

Purines and Pyrimidines e Sulfhydry! Reagents 
Phosphorylated Adenosine Compounds « Sugars 

Cozymase e Triphenyl Tetrazolium Chloride 
Nucleosides and Nucleotides e Deoxynucleosides 
Nucleic Acids and Metallic Nucleates ¢ Optically Standardized Amino Acids 
Sugar Phosphates e Radioactive Chemicals 

Glutathione 

Send the Coupon for your copy 

Also a 
; t ! MODE 
: ' SCHWARZ LABORATORIES, INC. Prov 
| irect 

; 230 C Washington Street, Mount Vernon, N. Y. re 

: Please send me copy of your 1958 Price List of Biochemicals ame 
itho | 1 a 

! Name ! featu 
| 1 

' a 1 
i Position 1 
i , | 
; Company ; | 

1 I 

; Street Address ; 

| I 
! I 
L) 4 

W 
33 
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MATIC TITRATION 
and BATCH CONTROL 

Write for complete descrip- 

SOLO AND SERVICED IN USA BY 

WELWYN INTERNATIONAL INC. 
CLEVELAND 11, OHIO 

. a high degree of both zero and amplifier 

stability is needed to permit continuous 
operation over protracted periods. Such stability 

is guaranteed in the Radiometer Model TTT-1 

Automatic Titrator — designed for either labora- 

tory or industrial process control use. 

Complete and automatic control is assured 
by the provision of controls adjusting the end 

point for not only up scale or down scale 
titrations, but also the rate at which the end 
point is approached, and a controllable delay 
after the last increment of reagent has been 
added. 

In addition, the TTT-1 has all the functions 
required of a general, highly accurate labora- 

tory pH meter unaffected by its main function 

as an automatic titrator. 

A large 160 mm. mirror scale provides read- 
ing accuracies down to + 0.02 pH. The in- 
strument is particularly suitable as a pH Stat, 
using the Radiometer Recording Microburette 
to record long-term reagent consumption in 

reaction solutions. Special output terminals 
provide for the use of Recorders, relay con- 

trols or alarm systems, and other accessories 

are available to extend the usefuliness of the 

instrument. 

Truly the most flexible Automatic Titrator 
available to the laboratory or research 
technician. 

- RADIOMETER 
OF DENMARK 

In Canoda: BACH-SIMPSON LIMITED, London, Ontario 
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A modification of the 

Jhomi — Conway 

MICRO DIFFUSION DISH 
ee « Of glazed white Coors U.S.A. porcelain 

Originally designed for the microdeter- 
mination of ammonia and urea, but now 
in wide use for numerous other tests in 
the biological and pharmacological labora- 
tory. Utilizes the microdiffusion principle, 
i.e. the liberation and absorption of small 
amounts of gases from volatile substances 
in a closed system. 

Consisting of a low form, flat bottom, 
circular dish of Coors U.S.A. porcelain, 
glazed inside and outside, with ground 
edge and concentric inner wall arising 
from the floor; and a flat, ground glass 
cover to fit. 

The opaque white porcelain surface 
forms a superior background for titrations 
with indicators and the wide, smoothly 
ground, flat edge permits an excellent seal 
with the ground glass cover, which is 
important in use. 

Method of Use. In a typical analysis, stand- 
ard acid or base is introduced into the central 
chamber; the liquid sample is placed in the 
annular section, and the glass cover is sealed 
on by use of petrolatum or similar fixative. 
Next, the unit is tilted slightly and the glass 
cover shifted laterally, admitting entrance to 
the moat only, and a measured quantity of 
reagent is introduced to liberate the volatile 
substance. Then the dish is resealed, and the 
unit is rotated 10 to 20 times without mixing 
the contents of the two chambers. After com- 
plete absorption, by simple gaseous diffusion, 
the cover is removed and the contents of the 
inner chamber are titrated. 

A.H.T. CO. 

[LABORATORY APPARATUS | 

original Conway glass dish 

ARTHUR H. THOMAS COMPANY 
More and more laboratories rely on nual Laboratory Apparatus and Reagents 

4472.-F. 

AHTCO. 

4472.-F. 

Vertical Cross-section 

AXIS 

4472.-H. 

Bibliography 

Edward J. Conway, Micro-Diffusion Analy 
and Volumetric Error, 8rd Ed., 1950 (D. Vay 
Nostrand, New York), includes all literatur i 
references up to and including year 1950. 

For the determination of nitrates, etc., in sewage, 
see P. S. S. Dawson and S. H. Jenkins, Seway / 
Works Journal, Vol. 525 (1945), p. 37. 

For vapor diffusion methods in qualitative ani | 
quantitative analysis, see Horatio Hughes, Jow. 
nal of Chemical Education, Vol. 28, No. | 
(April, 1951) p. 195. 

R. F. Milton and W. A. Waters, Methods of Quanii- 
tative Micro-Analysis, (Edward Arnold, London) 
1955, pp. 214-218. 

Samuel Natelson, Microtechniques of Clinical Chem 
istry for the Routine Laboratory, (Charles (, 
Thomas, Springfield, Ill.), pp. 22, 86, 96 and 153. 

4472-F. Diffusion Unit, Micro, Thomas-Conway, Coors 

U.S.A. Porcelain, as above described, consisting of porce- 

lain dish approximately 68 mm diameter X 13 mm high 

outside dimensions, with inside depth of 10 mm, and glos 

cover 75 mm square, ground on one side. The central 

chamber, formed by the inner wall, is 35 mm inside diameter 

at the bottom and approximately 5mm deep.... 2.48 

4472-G. Ditto, dish only, without glass cover.. 2.34 

4472-H. Diffusion Unit, Micro, Thomas-Conway, 

Coors U.S.A. Porcelain, similar to 4472-F but smalle 

for the estimation of blood glucose by measuring the carbon 

dioxide formed by yeast action. See E. O'Malley, E J. 

Conway and O. Fitzgerald, Biochemical Journal, Vol. 37 

(1943), p. 278. Di ions, appr tely 44 mm diameter 

X 15 mm high outside dimensions, with inside depth of 10 

mm; central chamber 12 mm inside diameter X 6 mm deep. 

Complete with 50 mm square glass cover ground on one 

GEO. cccccvcccccscccecccocceeeossesnesese 1.75 

4472-3. Ditto, dish only, without glass cover.. 1.65 

VINE ST. AT BRD ¢ PHILADELPHIA 5, PA. 
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Write for this 

new 1958 

GBI Catalog 

This useful 56-page catalog contains a comprehensive 
list of special products for biological, bacteriological, 
microbiological and biochemical research. Its use will 
save you time, trouble and money in securing needed 
items quickly. 

Among the many products listed are: 

AMINO ACIDS, 
AND RELATED COMPOUNDS 

for various nutritional studies 

CRYSTALLINE VITAMINS 
for reference standards and diet 
supplements 

VITAMIN SUPPLEMENTS 
for dietary studies 

CARBOHYDRATES AND 
RELATED COMPOUNDS 

for chemical and bacteriological 
investigations 

Acids and derivatives 
Alcohols and derivatives 
Monosaccharides, Aldoses, 
Ketoses and derivatives 
Disaccharides and _ Trisac- 
charides 
Polysaccharides 

ADENYLATES, NUCLEATES, 
PURINES AND PYRIMIDINES 

for chemical and bacteriological 
research 

PEPTIDES ENZYMES 
for fermentation, 
and oxidation 

HORMONES, STEROLS AND 
HORMONE INTERMEDIATES 

for functional studies and syn- 
thesis 

LIPIDS 
for special research 

INDICATORS, REAGENTS 
AND STAINS 

for biological staining tech- 
niques 

RESEARCH CHEMICALS 
for special procedures and 
nutritional investigation 

MICROBIOLOGICAL MEDIA 
AND INGREDIENTS 

for standard procedures for B- 
complex vitamins, amino acids 
and bacterial nutrition studies 

TEST DIETS AND INGRE- 
DIENTS 

for preparing special test diets, 
vitamin assay and research 

hydrolysis 

Address your request for new catalog to: 

GENERAL BIOCHEMICALS, Inc. 
64 Laboratory Park Chagrin Falls, Ohio 



THE JOURNAL OF BIOLOGICAL CHEMISTRY 

bio-chemical 
tracers! 
« AMINO ACIDS 

- PURINES 

« INTERMEDIATES 

+ KREBS CYCLE COMPOUNDS 

STEROIDS 

Labeled with 

H?,H*,C* P?,1'", Etc. 

For Detailed Information Regarding Tracers, and or Counting Equipment 

(= ISOTOPES “conPany’ INC. 
BOX 688 BURBANK, CALIFORNIA — 
DIVISION OF NUCLEAR CORPORATION OF AMERICA, INC. 

Photoelectric 

FLUOGROMETER 

FOR FLUOROMETRIC 

METHODS of ANALYSIS 

Designed for stability and linear re- 

sponse over a wide range of sensitivi- 

ties, the Farrand Fluorometer provides 

precise, reliable measurements, especi- 

ally for extremely low concentrations 

in micro or macro volumes. 

Descriptive Bulletin No. 803R, includ- 

ing list of users, sent upon request. 

Bulletin No. 820, describing the 

FARRAND ‘Spectrofluorometer, 

also available. 
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Four new PYREX* 
pipettes for special work 

These are just four of 485 new items 
added to the current Pyrex lab glassware 
catalog, LG-1. The catalog now contains 
more than 9000 items, indeed the world’s 
largest, widest line of borosilicate glass 
labware. Send the coupon for a copy. 

No. 7101 is a volumetric pipette with 
larger than usual tip opening for faster 
filling and dispensing of viscous liquids. 
Tips are fire-polished. Four sizes: 5 
through 50 ml. 

No. 7057 is a bacteriological pipette with 
larger than usual tip opening to accelerate 
filling and dispensing of viscous fluids. 
Permanent graduations engraved through 
LIFETIME RED panel. Tips are double- 
beveled, ground satin-smooth to reduce 
snagging and chipping. Four sizes: 1 
through 11 ml. 

No. 7084 is a serological pipette with 
extra long tip for easier entry into narrow 
neck tubes and flasks. Tips are double- 
bevel, ground satin-smooth to reduce 
snagging and chipping. Three sizes: 2/10 
through 5 ml. 

No. 7085 is a serological ACCU-RED pip- 
ette of exceptional accuracy. These cost 
less than conventional pipettes because 
we use exceptionally accurate bore tubing 
and apply the markings in LIFETIME 
RED without etching the glass. Markings 
are part of the glass, last as long as the 
glass. Tips are double-bevel, ground satin- 
smooth to reduce snagging and chipping. 
Seven sizes: 1/10 through 10 ml. 

CORNING GLASS WORKS 
wy 383-6 Crystal Street, Corning, N. Y. 

| 
| 
| 

Please send PYREX® catalog LG-1. 

SII cetniunisttchibnissceemebinhdasiniasaenntminedocindisaadebs | 

LAE SELLER ee 5 ee ee eee | 

ES ee eae 

EE ee ee eee eee eee ee | 

EE EE ae ee Se | 

Zone State | 
EA OS RE NT 

Counung meant research ix Clad 

PYREX® laboratory ware 
. . the tested tool of modern research 
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NEW REPRINT 

In preparation: 

Journal of Biological Chemistry 

Vols. 132-156, 1940-1944 

eT ee eee ee ee $500.00 

Single volumes, paper bound.................. 20.00 each 

Previously reprinted: 
Vols. 1-25, 1905-1916 
I ee a os acd noe aeaee $425.00 
ao ahaa kis dig 64d ssa one ae 375.00 
Single volumes, paper bound.................. 15.00 

These volumes were reprinted with the permission of the 
original publishers. Please address orders and inquiries to 

JOHNSON REPRINT CORPORATION 
111 Fifth Avenue, New York 3, New York 

California Office: 4972 Mount Royal Drive, Los Angeles 41 

PHOTOVOLT 

Line-Operated 

Multiplier 

FLUORESCENCE 

METER 

Mod. 540 

. High-sensitivity for measurement of low concentrations 
(full-scale setting for 0.001 microgram quinine sulphate) 

* Micro-fluorimetry with liquid volumes as low as 1 ml 
« Low blank readings, strict linearity of instrument response 

* Universally applicable due to great variety of available fil- 
ters, sample holders, adapters, and other accessories 

+ Interference filters for high specificity of results and for 
determining spectral distribution of the fluorescent light 

* High-sensitivity nephelometry for low degrees of turbidities : 
¢ Fluorescence evaluation of powders, pastes, slurries, and solids 

also for spot-tests on filter paper without elution 
Write for Bulletin #392 to 

ee ee 

} 

——— 

PHOTOVOLT CORP. 95 Madison Ave., New York 16, N.Y. ~ 
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LARGE STOCKS... RADIOPURITY GUARANTEED 

ALL MADE IN OUR LABORATORIES 

That is why, for example, we can offer — 

CRYSTALLINE, ALKALI FREE 

Potassium Cyanide at only $100/mc 

Price List 1057-B 

sent on request 

AminoAcids 

Fatty Acids 

Purines 

Pyrimidines 

Sugars 

Hydrocarbons 

Custom syntheses are welcomed. 

TELETYPE: CA 259 

Wo KSfo RESEARCH SPECIALTIES CO. 
SS 

2005 HOPKINS STREET BERKELEY 7, CALIFORNIA 
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TOPICS in 

PHYSICAL 
CHEMISTRY 

second edition 

By W. Mansfield Clark, Ph.D., Se.D. 

De Lamar Professor of Physiological Chemistry, 
The Johns Hopkins University School of Medicine 

Intended for individual, supplementary study, @ 
and not for use in a formal course. Each section 
carefully developed. Mathematics kept to a ® 
minimum and thoroughly explained. 803 pages 

Presents principles of classical physical chem- 
istry, with particular emphasis on their biochemi- @e 
cal applications. 

Among the many topics are: density and its 
clinical uses. . sedimentation in gravitational » 
and centrifugal fields. . .properties of solutions 176 figures 
. . diffusion. . .phenomena associated with semi- e 
permeable membranes. . .laws of mass action. . . 
electrolytes. . equilibria in proton exchanges... ® 
properties of protein solutions...a stepwise 
treatment of the equilibrium states of blood elec- “4 
trolytes. . .thermodynamics. . .oxidation-reduc- 

tion. . .glass electrode and potentiometry... 
polarograph. . atomic and molecular structures » 
.. refraction. . double refraction and polarized 
light. . .stereoisomerism. . .emission and absorp- @ 
tion of radiant energy. . .luminescence. . .topics 
on colloid chemistry. e 

$11.00 

Practical and enjoyable reading throughout. 

The Williams & Wilkins Company 
Mt. Royal and Guilford Avenues Baltimore 2, Maryland 
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THE “BRONWILL”* Warburg 
most compact-most versatile 

Warburg Available 

Requires only 

20%” of Desk Space 
© Magnetic Temperature Setting. 

© Highest Temperature Constancy 

+0.01° C. 

® Cooling Coil Built In. 

© Fastest to Set Up. Small bath (only 8 
liters) heats from ambient to 37°C in 
22 minutes. 

® Rotatable thru 320°. 

e Calibrated —Interchangeable 
Manometers & Vessels Available. 

e Available for Photosynthesis. 

to on 

EASY TO READ 

DOUBLE CAPILLARY 

MANOMETERS 

Single background scale—a 

sturdy single rod containing two 

capillaries. Available pre- 

calibrated — interchangeable— 

no more calibrating each time 

a piece is broken. 

Model UV shown above, is a compact, circu- 

lar unit, only 20%” diameter, 31” high, ro- 

: tatable thru 320° permitting any of the 

manometers to be quickly read. Model UVL 

equipped for photo-chemical work. 

*The trademark identifying products of Bronwill Scientific Division, Will Corporation. 

BRONWILL SCIENTIFIC DIVISION 7 
WILL CORPORATION 

B R '@) N W I L L Box 127, Brighton Station, Rochester 10, N. Y., Dept. 68A | 

Please send full information on Bronwill W arburgs. | 

SCIENTIFIC DIVISION shines | 
WILL CORPORATION es | 

Position................ | 

131 GOULD STREET SONNY... dia sadicatiaaatsasininimaiaamcaialiadadasitaiedeithtiteliemsestnnsapesiones | 

j ROCHESTER, N. Y. og REE TEES £0 Rile HONE: Mae ne ees | 

_ ae Eee’ Zone State | 

XUM 



é. now you can weigh 

MILLIGRAMS 

SECONDS 

ize) 

MICROGRAM 
ACCURACY 

with the 

CAHN ELECTROBALANCE 

A major advance in weighing instrumentation 
combining a novel application of physical 
principles with modern engineering design, 
the Cahn Electrobalance is unaffected by vi- 
bration, or temperature change. You can use 
it anywhere, and depend on it. 

The beam balances in a few seconds 
Especially fast for weighing out pre- 
determined amounts. 

One-Knob, one-dial operation 
makes it exceptionally easy to use. 

Precise and Accurate 
It is really six balances in one. 

Range Precision Accuracy 

0-1 mg. 1 microgram 1.0 microgram 
0-5 mg. 1 microgram 2.5 micrograms 
0-10 mg. 2 micrograms 5.0 micrograms 
0-20 mg. 5 micrograms 12.0 micrograms 
0-50 mg. 8 micrograms 30.0 micrograms 
0-100 mg. 25 micrograms |100.0 micrograms 

by w 

PC CAHN Instrument Company 

11 nount Blvd., Paramount, Calif 

let us know if you would like a demonstration in your lab 

How Steroids Interfere in 

the Dynamics of Cancer 

Steroid 

Hormones 

and Tumors 
By A. Lipschutz, M.D. 

Former Professor of Physiology, Director of 

Department of Experimental Medicine, 
National Health Service of Chile 

The problem: whether, where and how ster- 

oids may interfere in the dynamics of cancer. 

Dr. Lipschutz and his associates studied both 

the quantitative and the timing conditions 

under which estrogen becomes able to induce 

atypical growth. Their researches led them to 

the concept of an antitumoral autodefense in 

the body by the maintenance of a steroid 

balance. 

Particularly in the cancer field is it true 

that the laboratory problem of yesterday be- 

comes of practical clinical importance today. 

Dr. Lipschutz’s work on steroid hormones 

and cancer, progressing quietly since 1936, 

has become of first-line importance. 

320 pp. 111 figs. in 84 plates $6.00 

THE WILLIAMS 

& WILKINS COMPANY 
Mt. Royal and Guilford Aves. 

Baltimore 2, Maryland 

pangs 
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Photomicrograph of tissue 
slice and radioautograph 
showing concentration of 
thymidine in nuclei. 

Courtesy: Div. of Biophysics, 
Sloan-Kettering Institute. 

TRITIUM LABELLED THYMIDINE 
and other 

HIGH SPECIFIC ACTIVITY COMPOUNDS 
Tritium labeled Thymidine rapidly incorporates intact into the nucleus DNA of a 

wide variety of proliferating cells. It is, therefore, an ideal carrier for introducing 

radioactivity into cells. Because tritiated Thymidine has a stable radioactive label, 

high specific activity, and a long half-life (121/) years), it is particularly suitable 

for biochemical tracer studies of DNA biosynthesis, generation times of cells, 
and chromosomal replication. 

THYMIDINE-H® 900 mc/mM URIDINE-H®? 640 mc/mM 

CYTIDINE-H® (in process) 

ALSO AVAILABLE FROM STOCK: 

Acetic-H* Anhydride 400 mc/mM DL-Leucine-4,5 -H* 378 mc/mM 

Estradiol-17-8-6,7 -H* 1030 mc/mM Progesterone-16-H* 565 mc/mM 
Glycerol-2-H* 455 mc/mM Sodium Acetate-H* 200 mc/mM 

cor © 

BOSTON 18. 

new england 
575 ALBANY STREET, 

SALES REPRESENTATIVES: Atomic Associates, Inc., Packard Instrument Sales Corp., 
Radionics Ltd. (Montreal). 
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THE BIMONTHLY OFFICIAL JOURNAL TO KEEP 

YOU UP TO DATE IN HISTOCHEMISTRY 

THE JOURNAL OF 

HISTOCHEMISTRY 

& CYTOCHEMISTRY 
Official Journal of the Histochemical Society 

Editor-in-Chief: R. D. Lillie Assistant Editor: Robert W. Mowry 

The expanding use of histochemistry is bringing together the data of morphology 
and of chemistry. 

The cellular localization of many chemical materials, including enzymes, is now 
possible. 

New fields are opened in normal and pathologic plant and animal histology. 

Lesions not evident by the older morphologic methods, like the ‘chemical lesions” 
of Hopkins, are now demonstrated in tissue sections. 

The recent histochemical demonstrations of dextran in the renal epithelium by a 
new method, as well as in a number of other locations, has added to our 
understanding of that blood substitute. 

By adapting biochemical and biophysical methods to histology, histochemistry 
increases the knowledge of minute chemical anatomy. 

The Journal] covers all these and many other activities. 

Features: 

Original papers relating to the development and application of histochemical 
methods. 

Occasional comprehensive review articles covering thoroughly important aspects 
of histochemistry. 

Clear and helpful illustrations wherever needed. The most advanced procedures, 
such as those using radioactive tracer methods or electron micrography, 
included when they apply to histochemical investigations. 

Clear, concise writing by competent authorities. 

Bimonthly, one volume (of about 500 pp.) a year beginning January. 

Volume 6 current in 1958. Subscription price per volume $8.00 

THE WILLIAMS & WILKINS COMPANY 

Mt. Royal and Guilford Aves. Baltimore 2, Maryland 
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Gm CONTINUOUS 
pM =FLOW* 
‘Y lSuper-Speed CENTRIFUGE ROTORS 

(Pat. app’d for) 

ty 

By 

Ww 

Part Nos. 1, 2, 3, 4 and 12 rotate. All others are stationary 

y * GREATER CAPACITY * SIMPLIFIED OPERATION * FASTER 
FLOW RATE * LOWER COST * REMOVABLE POLYETHYLENE 

ROTOR LINER 

To commence operation merely insert polyethylene liner into rotor and lower collector with 
attachments. 
Materials to be centrifuged flow from reservoir 8 into sealed rotor 1 through central inlet tube 

| 6. Heavier particles will impinge ee the angular wall and travel downward. Lighter mediums PARTS LIST 
are continually ejected through outlet ports in the discharge cap 4 into the collector 5 from whence 
they flow to the collection chamber 10 (see arrows). 1. Rotor 
Removable rotor liner permits quick replacement for continued operation without the need 

7 for messy rotor cleaning. Due to design simplicity, complete assembly and disassembly time is 2. Polyethylene liner 
reduced to a minimum. Materials centrifuged come in contact with only the polyethylene liner, 
stainless parts and inert tubing. wo . Cover (stainless 

steel) 
] 

Orr. 1 CAPACITY | SPEED | FORCE 1 pari Rigs 
Continuous Flow Rotors No. (approx.) | (approx.) (approx.) 5. Collector (S.S.) 

AVAILABLE IN TWO SIZES. | 
| CFR-1 | 800ce | 17,000 RPM | 35,000 X Gravity | 6. Inlet Tube (S.S.) 
CFR-2 2 | 2000cc 11,000 RPM | 2 10,000 x See 7. Collector support 

arm 

OTHER NEW PRODUCTS 8. Reservoir 

* FULLY AUTOMATIC SUPERSPEED CENTRIFUGES (two models)—Accommodate 9. Plastic tubing 
all rotors including new continuous flow. Both models include controls for automatic rotor (inlet) 
acceleration, push button d er braking, rotor unbalance trip and many other features. 

. ny LITER ROTOR—First rotor ever to spin such capacity at forces in excess of 10,000 10. Collection 

D VOLUMIXER—Sealed, powerful, high speed homogenizing within 1 Gal. or 2 Gal. containers. oman 
11. Plastic tubing 

WRITE FOR ADDITIONAL DETAILS. REFER TO JBC-78 (outlet) 

LOURDES instrument corp. 12, Meter drive 
53rd STREET & ist AVENUE—BROOKLYN 32, N. Y. 
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Keep Up to Date in Microbiology— 

Subscribe to the S. A. B.-Sponsored Journal 

APPLIED 
MICROBIOLOGY 

A Practical Bimonthly 

Editor: H. BOYD WOODRUFF, Microbiological Research Department, MERCK & CO, 
Inc., Rahway, N. J 

Designed for the publication of studies oriented toward the application of microbio- 

logical sciences to the fields of industry, foods, sanitation, agriculture, and other areas 
involving the use or control of microorganisms, with the exception of the microbiological 
aspects of animal and plant disease. 

Features: 

Articles concerned with the microbiology or microbiological biochemistry of the processes 

under consideration or with engineering aspects which influence microbiological proc- 
esses 

Discussions of scientific experimentation and processes resulting from such experimentation 
Occasional ‘Industry Reports” summarizing the present status of a microbiological process 

of general interest 

Broad Scope: 

Articles of interest to workers in the following fields: yeast, bread, soils, wines, agriculture, 

dairy products, distilling, antibiotics, chemical disinfection, water pipe lines, brewing, 
seeds. food microbiology, mushrooms, fish and wildlife, pharmaceutics, bioengineering, 

sanitation 

Editorial Board 

Editors divided evenly—among universities, government laboratories, and industry 

Published bimonthly, one volume (83 x 11}, of about 400 pp.) a year beginning January. 

Subscription price per volume $7.50, plus $.75 per volume postage outside U. S. A.., 
except Canada; Canadian postage, $.25 per volume 

THE WILLIAMS & WILKINS COMPANY 
Mt. Royal and Guilford Aves. Baltimore 2, Maryland 
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We are pleased to announce 

IMPORTANT PRICE REDUCTIONS: 

UDPG - ‘‘90” 
URIDINE DIPHOSPHOGLUCOSE sopbium 

Tentative minimum purity - 90% 

Now $180 per gram $65 per 250 mg 

108 per 500 mg 33 per 100 mg 

$19 per 50 mg 
For the present we also offer “Sigma” Grade 98-100% purity 

at $275 per gram 

aso UDPGA - 90" 
URIDINE DIPHOSPHO-GLUCURONIC ACID 

| Tentative minumum purity - 90% As the Ammonium Salt 

Now $25 per 5 mg $84 per 25 mg 
42 per 10 mg 140 per So mg 

“Sigma” Grade 98-100% purity at 50% over above prices 

NEW ITEMS 
Prepared in the Sigma Laboratories 

a-Galactose-1-Phosphate Phenazine Methosulfate 
6-Phosphogluconic Acid, Sodium Salt a-Hydroxybutyric Acid, Barium Salt 

Carbamyl Phosphate, DiLithium Salt a-Hydroxy-N-Caproic Acid, DL 

| bis-p-Nitrophenyl Phosphate, diesterase | a-Hydroxyisocaproic Acid, DL 

| substrate a-Hydroxyisovaleric Acid, DL 
UDPG Dehydrogenase a-Hydroxy-N-Valeric Acid, Sodium, DL 

And at last we can offer 

HOMOGENTISIC ACID and FLUORESCEIN AMINE 

TELEPHONE COLLECT from anywhere in the world 

Day, Station to Station, PRospect 1-5750 

Night, Person to Person, Dan Broida, WYdown 3-6418 

CHEMICAL COMPANY 

3500 DeKalb Street, St. Louis 18, Mo., U.S.A. 

MANUFACTURERS OF THE FINEST BIOCHEMICALS AVAILABLE 

— 
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Jefinite Information About Specific Matters 

Laboratory 
Technique 

in 

Biology 
and 

Medicine 
THIRD EDITION 

By E.V. Cowdry, Ph.D. 

Meets the demands of workers in biology anj 
medicine interested in the minute structures ¢ 
living things. Provides “everything that ha 

any bearing on microscopic technique... . Ey 
plicit and covers the essentials. Techniques an 

presented with full details....An essentig 
book for every histologic laboratory.’”-—Am, J 

Clin. Path. 

Lists structures, elements, enzymes, and othe 

components of living material that can be lo 
cated microscopically. 

Alphabetically arranged for quick reference. 

Third edition revised to include the newest meth. 

ods and recent improvements in standard 

techniques. 

Descriptions of key techniques written by the 

investigators who introduced them, or by others 
who have had extensive experience in their use. 

413 pp., $5.00 
q 
t 

More than 300 Laboratory Experiments 

. 

if Clear and accurate directions for over 300 labora- Pra ctl ca | 
tory experiments and for the preparation of 

various laboratory reagents 

| Fifth edition expanded, includes microbiological - 

methods for vitamins and amino acids, and new 

or revised colorimetric and fluorimetric meth- in 

ods. 

546 pp., 28 figs., $5.00 

THE WILLIAMS & WILKINS COMPANY 
Mt. Royal and Guilford Aves. 

Methods 

Biochemistry 
Sixth Edition 

By Frederick C. Koch, 
Ph.D. and Martin E. 

Hanke 

Baltimore 2, Maryland 
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si — Specify 
NESBA) 

BY an 
tures ¢ ® . line of microbiological reagents and 

“ft Radiochemicals | = 
Culture Media 

.. « the only complete 

ues an . ‘ . a " 
senti For better service to you Nuclear-Chicago Seana pend Media 

ld now provides: Tissue Culture and Virus Media 

Am. J 161 C-14 Compounds in license Bacterial Antisera and Antigens 

exempt 50 microcurie packages. Diagnostic and Serological Reagents 

156 C-14 packages in stock. Sensitivity Disks Unidisks 
Guaranteed shipment in 24 hours by Peptenss Hydsolyentes Assieo Acids 

othe prepaid a ap Enzymes Enrichments Dyes Indicators 
42 new C-14 Compounds never 

be lo before offered. 

Our “Research Quality” radiochemical 
line includes 183 C-14 
Compounds... 47 

Carbohydrates Biochemicals 

over 60 years’ experience in the 

preparation of Difco products assures 

new S-35 Compounds iS UNIFORMITY 

.. +35 new P-32 ‘e STABILITY ECONOMY 
meth. Compounds. Write for // 722s, , 
ndard Radiochemical Price i 2 as } Complete Stocks Fast Service 

Schedule C. S23); ty | 24-hour Shipment 

# 
Difco Manual and other descriptive 

literature available on request 
, 

fe A: nuclear - chicago D1FcO LABORATORIES 
use pix Srigch gierdiggin ee} iI DETROIT 1, MICHIGAN 

: ® 267 WEST ERIE STREET + CHICAGO 10, ILLINOIS 

BLICKMAN 

ents Used universally by SAFETY ENCLOSURES. 
¢ THE RESEARCH PROFESSION 

¢ ANIMAL BREEDERS MICRO- 

BIOLOGICAL 
WAYNE LAB-BLOX SAFETY 
for mice and rats, 
and as a supplemental CABINET 
feed for hamsters with filter 
and monkeys | canister 

‘ WAYNE LAB-BLOX 

——_ = “ . 
added antibiotic. . 

; They are assayed Stainless steel enclosures 
biologically to i , me gn for handling hazardous substances 
presence of estro- Safety is the first consideration in this special- 
genic activity. purpose equipment. These enclosures make it 
Write for full facts, Safer—and easier—for the technician to work 

with contaminants, micro-organisms, live 
viruses and radioactive substances. Stainless 

steel, crevice-free, with rounded corners, for 

easy and sure cleaning. Write for technical bul- 

; letin A-6 and illustrated folder describing 22 
The Symbol of Quality different enclosures. S. Blickman, Inc., 9706 

Gregory Avenue, Weehawken, New Jersey. 

including name of 
Wayne Dealer. 

Sie, s ~ 

ALLIED MILLS, INC. | BLICKMAN 
Laboratory Diets Div., Chicago 4, Ill. | SAFETY ENCLOSURES 

| pag tt ft ee | Look for this symbol of quality [TReeaERt 
| 
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THE JOURNAL OF BIOLOGICAL CHEMISTRY 

Just Published: 

Volume 9, ANNUAL REVIEW OF 

PLANT PHYSIOLOGY 
A. 8. Crarts, L. Macuuts, J. G. Torrey, Editors 

A. 8S. Crarts, F. E. GARDNER, 8. B. Henpricks, J. G. Horsrau, A. Lana, 
C. A. Swanson, K. V. Tuimann, Editorial Committee 

CONTENTS: 

The Quantum Yield of Photosynthe- 
sis, R. Emerson 

Physiology of Salt Tolerance, L. Bern- 
stein and H. E. Hayward 

The Naturally-Occurring Auxins and 
Inhibitors, J. A. Bentley 

Destruction of Auxin, P. M. Ray 

Metabolism of Ascorbic Acid in 
Plants: Part I. Function, L. W. 
Mapson 

Physiology of the Tobacco Plant, 
R. A. Steinberg and T. C. Tso 

Mineral Nutrition of Tree Crops, W. 
Reuther, T. W. Embleton, and W. W. 
Jones 

Physiology of the Fresh-Water Algae, 
R.W. Krauss 

510 pages 

The Metabolism of Amino Acids and 
Proteins in Plants, E. W. Yemm and 
B. F. Folkes 

Auxin Uses in the Control of Flower- 
ing and Fruiting, A. C. Leopold 

Herbicides, E. K. Woodford, K. Holly, 
and C. C. McCready 

Morphogenesis in Lower Plants, L. F. 
Jaffe 

Postharvest Physiology of Fruits, R. 
Ulrich 

The Biogenesis of Flavonoids, L. 
Bogorad 

Cytochromes in Plants, L. Smith and 
B. Chance 

Volumes 1 to 8 also Available 

Published May 1, 1958: 

Volume 9, ANNUAL REVIEW OF 

MEDICINE 

$7.00 postpaid (U.S.A.); $7.50 postpaid (elsewhere) 

ANNUAL REVIEWS, INC. 

231 Grant Avenue, Palo Alto, California 
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The Journal of Biological Chemistry, founded in 1905, is designed for the prompt 

publication of original investigations of a chemical nature in the biological sciences. 

All manuscripts should be addressed to Dr. John T. Edsall, Editor, The Journal 

of Biological Chemistry, 10 Divinity Avenue, Harvard University, Cambridge 38, 
Massachusetts. 
| Supscriptions. Six volumes are issued per year. The subscription price, pay- 

able in advance, is $6.00 per volume, $36.00 per year, to subscribers in the United 

States and Canada; $6.25 per volume, $37.50 per year, to those in other countries. 

The price of single copies is $3.00. Remittances should be made by draft or check, 

or by postal money order, payable to The American Society of Biological Chemists, 
Tne., Mount Royal and Guilford Avenues, Baltimore 2, Maryland. 
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